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e SECTION I, INTRGDUCTION

?}i; 1. INTRODUCTION AND DEFINITION OF TERMS

| An understanding of the role of regative iors in low pressure gas
discharges is important in several fields such as electric discharge
lasers, high power switciies, and plasric deposition of thin films,
Discharges such as these which contain negative jon dercities in
addition to the usual electron and positive ion densities are termed
electronegative discharges. They are su named since the attaching gas
yielding negative ions is referred to as &n electronegative gas.
Discharges containing only electrons and positive ions are termed
electropositive discharges.

Both types of discharges are characterized by the distinctive
Tuminous and dark regions shown in Ficure 1. The actual positicn of
the various regions depends upon the gas or gas mixture, pressure, anc
current or voltage across the discharge. Starting at the cathcde there
1s sometimes visible a very narrvow dark space termed Aston's dark space

followed by a feeble layer of light called the cathode glow. However,

the term cathode glow often includes the total! region fromn the cathode
to the beginning o7 the negative glow. The region between the cathode
glow ana negative clow is rct totaliy dark, but only appears so te the
eye in comparisor to its lumincus neighboring reqicrs aind 1s termed the
cathoce dark space. The negative glow is probably the mest Tuminous
region ¢f the dischirge. A sharp luminous beundary exists with the
cathode nonlumincus spacc, but the bouraary on the «node side s
diffuse and graduaily grows dimmer as it merges into the relatively
dark taraday derk space. This is normally followed by a long Tuminous

1
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positive column region extending up to the anode glow. The anoce c¢low
appears adjacent to the anode surface. [epending on the distance
between the electrodes, only Aston's dark space, the cathode glow, and
the cathode dark space are recessary for a discharge to exist.

It has been observed that the presence of negative ions can
spatially alter the abeve regions c¢na in some y~<es such as iodine,
negative ions can become the dominant negative charge carrier threugh
most of the discharge regions. Formation of negative ions in the
positive column of the discharge often results in striations which can
cause fluctuations in the light output of the positive column. The
most undesirable effect of regaiive ions is in causing severe radial
construction of the positive column limiting the efiicient usage cf the
available container volume. Up to now, however, the exact role nega-
tive ions play in the cathode fall region of a discharge was unknown.
The literature frequently cites experinental evidence indicating that
the cathode fall region contracts longitudinally with the addition of
even a trace of an attaching gas. This was interpreted to nean that
the electronegative gas can have a significant impact in the region.
The original question which initiated this study was if the formation
of negative ions in the cathode fall led to the longitudinal contrac-
tion of the cathode fall region.

Eefore proceeaing further, definitions of equilibrium and non-
equilibrium are necessary to alleviate any confusion. ‘Fouilibrium' in
high pressure dischdrges i< termed local thermodyramic equil.brium
(LTE) and mears that all states of the charged ana neutral species can
be described by one temperature. In contrast, at iow pressures the
term 'eauilibrium', nore properly called 'field equilibrium', means

3
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that the electron energy distributicn function is characterized by the
local valuve of E/N (E is the electric field, N is the gas number
density) and the species in the volume element ot interest. The
electron distribution function need not be Maxwellian, as long as

it can be defined in terms of E/N. Nonequilibrium at low pressures
occurs when the above critermon for field equilibrium does not apply.
For example, electrons are not in equilibrium in large spatial gradi-
ents where the mean velocity of the electrens would not be equal to the
mean velocity of electrons in an equivalent, but spatially uniform
field.

Basic analytical analysis (References 20G, 21, 60, 79, 86) now
indicates that the electrons are not in ecuilibrium with the electric
field in the cathode fall region. Since the electrons are being accel-
eratec across the cathode fall region, they are gaining energy from the
field faster than they lose energy to elastic scattering or inelastic
processes in the gas. The electrons leave the cathode at low energies
of few electron volts where the field is actually the highest. The
electrons approach the negative ¢low with a nulti-peaked distribution
function as the field is approaching a minimum. Since the electrons
are not in equilibrium with the field, their multiplication cannot be
described by the ustval Townsend ionization coefficient. This coeffi-
clent is meesured in uniform fields where the energy gained by the
electrons from the field is balanced by their erergy losses tu various
elastic and inelastic processes with the cas molecules. Py analoogy,
the equilibrium attachment coefficiert alsc is not expected to cor-
rectly describe the formation of negative ions acruss the cath de fall
region. The attachment coetficient is expected to be large adjaccnt to
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the cathode and then to decrease as the electrons are accelerated to
higher energies. The formation cf negative ions in this nerequilibrium
sheath region hac not been studied either gnalytically or experimental-
ly. Concentrations of negative ions could alter the space charge in
the sheath region and thus affect the voltage drcp across the cathode
tall regicn. This phencmena of nonecuilibrium in the cathede fall
region requires ¢ 'nonequilibrium theory', such as calculating the
electrun energy distributicn function as e function of distance in
order to properly model the eiectror. number density and ionization and
attachment coefficients. However, ‘equilibrium theory' has often been
applied to aescribe the electric field, voltage drop, and electron
current because its results have ayreed fortuitously with the macro-
scopic paranieters -hat have been able to be measured across the cathode

fall region.

<. OBJECTIVES OF THIS STUDY

This analytical study investiqsi. = the role small corcentrations
of an attaching gas play in the cathode fall region of a glow dis-
charge. 7o do this, ¢ rew equilibrium mode! based on current continu-
ity equations and Poisson's equations was developed. Additionally, a
nonequilibrium model based on the Boltzmanrn transport equation anc
Peisson's equation was medified to be self-consistent, include negative
ions and be more flexitle The electron energy distribution function
was celculated as a function of distance through the cethode fall
regicor. and the effects of negative ion formation were examined. The
first and mcst important objective wos tc exanine the effects n the

cathode fa'l reaion resuiting fror the additiorn ¢f small amounts of an
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;fi attaching gas such as HCl1 to a rare gas discharge. The second objec-

B tive was to model the nonequiiibrium behavior of the three charged
particle derisities through the cathode fall region. The third objec-
tive was to compare and contrast the equilibrium end nonegquilibrium

approaches and determine their regions of applicability.

3. OVERVIEW OF CONTENTS AND RESULTS
Section I describes the purpose and objective of this study,
cefines the regions of a discharge, and outlines the contents of the
remaining chapters.
In Section 11, the sufficient condition for the existence of a
A discharge is described in terms of electron multiplication in the
cathode fall region. A historical review is presented on how trace
amounts of negative ions affect an electropositive discharge. A
qualitative theory is described which simplistically describes the

result of negative ion formation in glow discharges.

Section 111 reviews the previous equilibrium theories of the
cathoce fall region, primarily for electropositive gases. These
equilibrium theories are based on continuity type ecuations coupled
with Poisson's equation. Boundary cenditions are also discussed. A
new equilibrium model of the cathode fall region allowing for negative
jon formation is described and numerical results are presented.

In comparisor to the equilibrium approaches described in Section

IT1, Section IV reviews the previous ncnequilibhrium theories of the

cathode fall region based on calculating the electron distribution as a
function of positicn through the cathode fall region. A nune*ical
technique for calculating the electron distribution as a function of
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position in the cathode fall is describec. This study extends this

technicue to include attdachrert, the presence of negetive ions in the
reievant equations, gas mixtures with a variable rniumber of collision
processes, and the calculation of the Townsena ijonization and
attachrent rates from the distribution tunction. A convergent tech-
nique was developed which leads to a self corsistent solution between
Poisson's equation and the electron distribution function. The boun-
dary conditions, electron and ion kinetics, and the self consistency of
the solution are discussed. Characteristic cathode fall parameters are
calculated as a function of distance and percentage ot attaching
species.

Section V compares the eguilibrium theory with the nonequilibrium
theory and discusses the discrepancies between the two theories in the
cathode fall region. The ancce fall region is also discussed.

Finally, Section VI summarizes the new results of this study and

presents some considerations fcr future study.
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StCTION IT. REVIEW OF
GQUALITATIVE THECRY

1. CESCRIPTION CF THE CATHCDE FALL KREGIGH

The regions of a discharge were icentifiic¢c in Figure 1. Of these,
the cathcde fall recion 1s the most important segment of the discharge
in that the largest potential drop per unit distance usually occurs
there. However, it is probably the recicn least urnderstood thecret-
ically. It is the region of the discharge closest to the cathode and
consists of the three subregions identified in the previcus chapter as
the primary dark space or Aston's dark cpace, the cathode glow. and the
cothode dark space. The preperties of the cathode fall region are
almost independent of the rest of the discharce, since a discharge can
exist without a positive column, Faraday dark space, or negative glow.
P discharge cannot exist, however, without a cathode dark space (Refer-
ence 6). Specifically, the length of the cathode dark space, the
voltece drop acruss this distance, and the discharge current do not
depend on any other external physical parameters such as the length of
the discharge (providing the ancde is not so small as to inkibit the
axial current). The cathode dark space is the longect uf the three
cathece tall regiors.

The essential processes in the cathode fall recion are as 1ollows.
ihe purpose of the cathode 15 te provide electrons to naintain the
discharce. Several processes exist by which the cathode can emit
electrcns. Direct processes include thernionic er ssjon and t eld
eniission. For applied voltages up to several thousand volts these

urocesses cen be ignored. Indirect emission of electrons, usually
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called secondery emission, results irom bombarcment of positive ions,
photons, excited and reutral molecules on the cathode. [ue to the low
collision rate of excited anc neutral molecules with the cathode in
most discharges, the physical processes contributing most to the
eniission of electrons from the cathode ave ion and photon bombardnent,
The electrons produced by secondary emission :re accelerated acress the
cathode dark space, whereupon they begin to excite and ionize the gas
creating rew electrons and positive ions. The positive ioens in turn
are accelerated back towards the cathode where they produce new elec-
trons. For every (M-1) electrons produced through ionization in the
gas, v electrons are released at the cathode, The maintenance condi-

tion for a self sustained discharge becomes

y(M-1)=1 or M=1 + — (1)

The multiplication M of electrens depends upon the nature and pressure

of the gas. It is commonly expressed (in ar electropositive gas) as

dc
M = exp f a(x)dx (2)
0
s where n(x) is Townsend's jonization coefficient. The number ot elec-
s trons reieased at the cathode per incident particle (v) is influenced
-
. by the size and erergy of the 10n or photor as well as the cathode
material and the state ot its surface. Thus, the cathode fall region
-
b . . .
b is wherc processes essential to the mainterance of the rest of the
[
- ) . : :
b discharge occur. The next section describes the sceling reldt ¢rships
!gff for clow discharges.
»
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o
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2. SINILARITY RULES

Although the various parameters describinc @ clow discharge are
all interrelated end utten depend on each other through complex rela-
tionships, the parameters describing twe differert discharges can be
related to each other using similarity or scaling rules. Two c¢is-
charges are said to be similar if they are ideiniical in one or two
parameters ana different in others. For example, twe discharges in the
same (¢as, at the seme cas temperature, with the same electrode materi-
al, and with the same potertial difference between the electrcdes are
similar even if alil the corresponcing linear cdimensions differ by a
constant factor. This includes the vessel dimensions, the electrode
dimensions, arca the properties of the ¢as such as the mean free path.
Francis (Refererce &) has comprehensively derived a sct of similarity
rules which result in several invariant quantities. Jf the discharge
voltage, current, and gas temperature are the same for both discharges,

he has shown that the followinc guantities are also irvariant:

E/p - electric field/pressure
pd - pressure * distance
J/p? - current cernsity/pressure?

These parameters remain invariant for respective points in the dis-
charges as long as the following processes dominate the kinetics.

d4; Single stage processes cuch as electron impact icrization,
attachrent, or detachment,

b Penring ionizatlion

r)  Charge transter

¢; britt and ciffusion from a volume

if twe stage processes, photoignization. or recombiretion are the

10
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dominant precesses ip the discharge, then the cinnlarity rules will nct

be followed ana the scalino parameters above may ro longer be appro-
priate. © The abuve invariant quantities apply btoth to the whole
discharge as well as to sgecific regicns of the discharge. for exam-
ple, given two discharges with the same discharge voltage, current, and
gas temperature, the invariant quantities for the cathode fall region
woulc be:
v - cathode fall vcitage drop

E/p - ratio ¢t electric field to pressure at respective

positions in the cathode fall

pdc - pressure * cathode fall length

J/p? - current density/(pressure )«

Easically, given V, I, &nd T, then Vc, E/p, pdc, and J/p? are
constants and relate how the electric field, cathode fall length and
current density scale with pressure. The next section describes the
experinental effects observec end attributed tu negative ions ir low

prescure glow discharges including the cathode vall region.

3. EFFECTS ATTRIRUTED TO NEGATIVE IONS IN CAS DISCHARGES

Several authors have reviewed the effects of adding small amounts
nf negative ions tc ¢ ylow discharge (References 5, 6, 8), but all
acree with the initial description adverced by Emeleus and Sayers in
16,6 (Reference 42). Emeleus, et al. observed the effects on the dis-
charge when a trace of ap attacining gas such as chlorine was added to &
neon discharge containing a littie helium, L*.h the addirg of a tracc
uf chlorine, tre tluorescence froi the pure neun “scharge i1 Lstrated
in Figure 2a changea to that 1liustrated in Tigure zb, The following
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results were observed at a pressure of 2 torr and discharge potential

of 800v:
Voo I R 1. Cathode ———""”"_”7 [

g //4 ,
‘\ 2. Primary dark spacefﬁji// //CC/>C/>/ // /;/
/ / /// // //' ///
// / / / \\\\\\3. Cathode glow - /4/
4. Cathode dark spo.c /)
S 5. Negative glow ! AT N

\ \\\ \\\ N

6. Faraday dark space

T \\ =
\

/

7. Boundary sheath
8. Positive column
9. Anode dark space

\\ \
\

//‘/ ’Q

10. Anode glow \\\\\\\\
\//

11. Anode

(a) Ne (b) Ne + C
Figure 2 Effect of Adding an Electronegative Gas to a

Rare Gas Discharge

a. A11 the negative zones (cathode dark space, 4; cathode glow,
3; negative glow, 5; and Faraday dark space, 6) contracted towards the
cathode such that Aston's dark space, or the primary dark space, 2,

became so small as to be unobservable.

b. Curved striations appeared in the positive column, 8, often
accompanied by an increase in the potential gradient.
c. A new dark sheath, 7, appeared between the Faraday dark

space, 6, which was moderately luminous and the positive column, 8.

N
M.
L
)

(-
L
'.
L.
B

d. A new dark sheath, 9, also appeared between the positive

-

column, 8, and anode glow, 10,
17
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Spencer-Smith (Reference &1) and more rocently, Lavis and Fire

(Refercrce 34) observed suntier but more proncunced effects in pure io-
uine discharges, and in helium conteiring a trace of iodine. The posi-
tive column was observea to constrict racdicily to either & statioréiy
form or a mebiie ribben. This type of constricied positive coiumn has
ctten been found in other discharges contain lectronecative gases.

Followirg the discussivn by Emeleus and Sayere {Refererce 3Y), the
crigin of the characteristic effects of electrenegative gases was
attributea te the decrease in the average mobility oi the negutive
charge carriers as electrons are counverted tc reavier negative ions.
Three almost independent etiects ensue:

a. Creation or addition uf necative iors corresponds to an
increase in pressure in an electrupositive discharce. The reduction of
the dritt velocity eof the electrons by their attachment to gas niole-
cules is equivalent to the rore continuous retardation caused by more
frequent collisions from an increase in gas |ressure.  The contractien
vy the negetive zones, the occurrerce of str . in the positive
cclumn, and the constriction of the positive column are all charac-
teristics of arm electropositive discharge at higher pressures, {or
example 100 torr cowpared to 1 terr,

b. Since regative icrs are more lessive thor electrons, they
diffuse nere slowly from regions ¢f space charge. Conseors itly,
regative 1ers are thouckt to set up reoions of resuttant negetive space
charge ¢rd to nake e wting recions thinner,  This leade 1o the forha
tror. of double space charye ayers of pesitive icrs vext to negetive
iens dna the cenversier ot g unttorn positive colunm to a soo ated
cclumn.  The high field ¢gredient betweer thesc layers enhaices the

13
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formation of staticrary striaticns and thus the enhanced boundaries
between dark ana luminous rvegions.  The axial tield resulting from
these stationary ccuble (+-,; <pace charce regions accelerates electrons
to stfficient energy to procuce maxinur: crcitatior ¢f the gas ctoms and
moiecules leading to incressed light emission. lhe dark sheaths, 7/,
betweer the positive coiumn, &, and the Farce:v dark spece, 6, and the
anode glow, Y, are believed to be the resuit ¢t space charge due tu
negalive ions created in previous regions of the tube (Reterences 5, 6,
42).

c. Since some of the electrons becore attached to gas molecules,
the radial cistribution of negative charge carriers will charnge. Due
to the Tower negative ion mobility, the negative ions wili be less
likeiy to diffuse away from the slightly positive axis it the positive
coiumn,  Since detachment of electrons from negative ions can often be
an inetficient precess in many gases, large concentretions of necztive
ions can build up riear the axis. This causes pusitive ions also to
drift to the axis to balance the total charge cezulting in a con-
stricted aGischarge,

The above description is based mainly on qualitative obcervations
which have been reviewed 1n Refererce 5. Several quantitative measure-
rents have Leen made most of which have been aciomplished since 1938,
corfirming the zbove hypotheses. These will be reviewed briefly.

spencer-Smith {Feterence &1, «rd Woolsey (hefercac: ©€) used probe
stasurements and magnetic rethods frr neasuring charge to mess ratios
Lo 1nvestiaate the neyative glow and positive colunn regiors of low
cressure icdine discherge.  Probe measurements in he presence uf large

guantities of regative Jons are ver: cdifficult to interpret. but
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Spencer-Smith found the positive and negative ion concerntration 1n the
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negative glow to be about equal, and abcut 100 times larger thar the

electron concentration. In the positive column, the ratio of positive

‘.
g—
N
[

jons to electrons remained about the same, but the absoiute concentra-
tions were lower., Spencer-Smith also tound the electron temperature in
. the negative glow to be normal (~1 to 1.5 eV' ror E/N = 620Td. 1lhe
electron temperature in ihe positive column was wuch greater, ~13 eV,
This can be accounted vor by sore of the electiuns being acrceleratec

through several potential drops as a result ¢f striations. However,

the conventional concept ot electron temperature under such ncrequi-
Tibriun circumstarces probably s not valid. Woolsey's results were
similar to Spencer-Smith's in that he found the ratio of negative ions
to electrons to be 2CC in both the negative glow and the positive
column, Woolsey also determined the radial distribution of negative
charge carriers to be much tiatter than the normal zero order Bessel
tuncticn found in the negative clow. The number of negeative ions was
found to be much larger and more ccrcentrated ground the &xis in the
positive column than the negative glow, in agreement with Emeleus and
Sayer's speculatior. In both experiments the positive column
fluorescence about the center of the discharge tube was constricted.
In @ simlar experiment using probes, Zimmermann (Reference 98) found
the positive ion concen'rations more than fifiy times greate: than the
electron concentration in the constrictec positive column of a hot
cathode discharge in hydrogen chloride vapor,

Lunt and Greqgqg (Refererce 63), and Thorpson (heterence 84), rave
investigated oxygen discharges. FAcain using probe. and rass aralysis,
Lunt and Crega found the concentration of 07 in the positive column

15
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with an E/N =250 Td to bte about equa' to the concentration ot
electrons. In the Faraday dark space anc negative ¢low, however, hard-
ly any negative ions were detected {<1%). Thompscn used a radio
frequency mass spectrometer probe to measure the particle concentra-
tions. He found the concentration ¢f 0  was about equal to the
concentration of 02+, thus confirming Lunt ar«' “veg's observation that
0" vas the most abundant negative ion. Thompson alco measured negative
particle energy distributions in various regions of the discharge ard
compared them to the electron energy distributicns in the same regions
in a pure nitrogen discharge. The energy distributions irn oxygen
contained an apparent large low energy peak due t¢ negative ions, as
expected. He determined the radial space putential in the positive
column to be much tlatter for oxygen than for nitrogen and the axial
space potential changed much more abruptly through a striatior than in

nitroger.. Although both discharges contained standing striations, the

striations in the oxygen discharge were much closcr together. The

radial distribution of the electron concentra irn .11 the oxyger dis-

charge was almost constant whereas the radial variation of positive and
regative ions both decreased almost tu zero supporting the idea that
the positive and negative ions would concentrate near the axis.

More recently Davis and King (Reference 4) observed the striations
formed in a He-I( glow discharge laser. They calculated the ratio of
regative ions to electruns to be on trke order of 20-110 for a current
density of 10U amp/m? and on the order of ¢-11 for a current density of
104 amp/m?, The regative icns with their Tower mobilti+  adily led to
the formation of both <table and unstable stationary and novity
striations o< well as the constriction of the positive column when

i6




Lt oD R e s i qaune Sast fer Jiust it St S i Sau g Aai S e giiiaé ol

*

boafets dhailt REnts Sy et Shest ok Siadh - Shetit il - dindik Ahafh it Siadl Tl il “Eiadl * Sadi S T A Rl NS i i S S i L L A *
aates bl Sty iad Shet e Rt ittt Ant i A A -

small quartities (<.1 torr) of jodine was adnitted to pure helium
cischarges (-10 torr). The forwerd wave (anode tu cathode) striations
occurred at a 10kHz trequency larc results ir a partial meculation of
the 1aser intensity. The racius cf the ceonstrictea positive cclumn
decreased with an increase in iodine pressure. Even when the column
remained stable, it was not always axially synetric, but c¢ften adopted
a twisted corfiguration ir the discharge tube caused by fluctuations in
the local wall temperature and iodine density. Thus constricted
discharges are undesirable for iaser applications, since they prevent
efficient usage of the aveilable resonator volume. The instabilities
which result in these striations and constriction of the positive
column has been investigated extensively by Nighan and Wiegand
(Reference 70). This topic will not be investigated in this study.

The occurrence of negative iorns in the negative glow and positive
column is, however, relevant to the cathoade fall region and the

boundary conditions relating these regions.
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SECTION III. ELECTRON KINETICS IN THE CATHODE

FALL REGICN: EQUILIBKIUM ANALYSIS

1. REVIEW OF EQUILIBRIUM THEQORIES

There are ceveral thecries for the cathode fali region in an
electropositive gas which relate the cathode fall voltage (V(), the
discharge current (J), and the cathode fall distance (dc)' These
theories will be referenced later as they are discussed. In compari-
son, there is a distinct lack of any kind of analytical analysis for
electronegative discharges. These theories tor the cathode fall regicn
can be divided into equilibrium analyses based on Poisson's equation
and hydrodynamic current continuity equations, and nonequilibrium anal-
yses based on calculating an electron distribution furction. The equi-
librium analyses will be analyzed and expanded upon in this section.
The nonequilibrium analyses will be considered in the next section.

The equilibrium analyses are of two types; those which regard the
cathode dark space as an isolated independent unit considered separate
from the negative glow and those which include the negative glow so
that together their processes sustain the discharge. These theories of
glow discharges are thoroughly summarized, but not necessarily criti-
cally reviewed in several references (References 6, 7, &9). The cath-
vde fali current-voltage relationship derived by von tngel and
Steenbeck (Reference 90) fer a self-sustaining glow discharge has pro-
vided a benchmark for &1l following papers ard will be briefly reviewed
first. The emphasis will then be on results presented since 1:/5.

The von Engel and Steenbeck theory assumed the electric field in

18
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the cathode fall tc be a lineerly decreasing functior, uf the fornm

where Eo is the electric field at the cathede anc dc is the cathode
tall distarnce. The icr flow to the cathode is assuned to be nobility
limited so that

v = £ (4)

where v, is the positive ion velocity anc u_ their mobility.

Von Engel and Steenbeck used boundary conditions thet set the positive
ion current to zerc at the cathode fall-rnecative glow boundary and
assumed each positive jor incident on the cathode produceu Y electrons,

yielding

and

3,(0) = v3,(0) (6)

Equaticn (5) is not entirely correct in that the positive ion current
does decrease at the cathode fall-negative glow bourdary but dces not
necessarily go to zero. The question of whether the number of positive
ions entering the cathode fai®' from the negative glow i: significant or

1t has develcped into an area of controversy and i describecd later.
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Using the empirical 1orm of Townsend's ionization coefficient,

- = A exp (- %B) (7)

oiR

they derivecd equations relating the total current J, the cathode fall
voltage Vc, and the cathoae fall width dc' The cathode fall thickness
is derived by epplying the maintenarce conditien, Equation 1, to the

cathoage fall regicn resulting in

de
5d = f alx)dx = 2n(1 + =) (8)
0

UDefinition of the width of the cathode fail is not exact but it is
usualty defined as the distance from the cathude to the point in the
discharge where the electric field is extrapolated to zero. The

voltage is determined from the electric fielc.
ocC
VC = f E(x)dx - > (9)

if E(x) is given by Equation 3. Since the ion current to the cathode
is generaliy mobility iimited, they aerivea a cvrrent-voltage relaticr-
ship Tor the cathcde fall from the high pressure space-charge-1imited

current voltage relationship yielding

J/:)2 = (14 y) N (10)

Equations 8, 9, arnd 1C uniqueiy describe the Lathoac 1ei} region

and chey the sinilarity or scaling rules described ir. Section 1.

cC
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Solving these equations nurerically for a linearly decreasing electric

Trreryy
.

Lo

field, provides good agreement with experiment over a wide range of
conditions in electrcpositive cases. Helium is an excepticn and one

reason may be that the Towrsend ionization coefficient cannot be fitted

S R AR r”

with an exponential ferm like Equation 7. However, the above

assumptions have recently become cuntroversial areas [(Reference 7).

Druyvesteyn and Penning (Reverence 38) pointed out thet if a sic-
nificert number o7 posit.ve icrs entered the cathode fall region from
the negative glow, the maintenance condition four the discharge was

altered to the following:

where ¢ is the vatio of the positive ion curreni to the electron
current at the cathode faii-negative ¢low interface. Thus the value of
ad. could be reduced if the positive ion current was comparable tc the
electrun current at the cathode fall-necative glow boundary.

Little and Von Engel (Reference 59) refute the idea that a signif-
icant number of ions enter the cathode fall region from the negative
glow. A linear electric field requires a constant net space charge
density in the cathode fall, whereas if ¢ cignificant number of
positive ions oricirated in the regative glow, then the positive jon
density would Le expected to decrease touwards the cathode. Ac Ingold
(Keierence 7) peinted out, these are not conclusive arguments. since
such field measurcuents are very difficult and any s'owly varying field
woulc appear apprcyitiately linear to the eaperimertclist. Peviows by
Francis (Reference 6) and weston (Refererce 93) survey many attenpts to
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peasure the electric field in the cathede fall region. The weight ¢t

the evidence suggests an eiectric field decreasing linearly thrcugh the
cathcde dark space becoming ainicet zero in the negative glow. Severel
recent theoretical papers have tried t¢ show the ele.ric field to be
linear in the cathode tall. These papers will be reviewed leter, in
chronolougical order.

“he other area cof controversy is the concept of Townsend's iori-
zation coefficient {:) and the assunption that the electrons are in
ecuilibrium with the field. + is the number o7 ionizing collisions
per centimeter of path length and is usually determined from drift tube
experiments. These experiments assume the electrons are in equilibrium
with @ uniform electric field. This condition probably is not met in
the cathode fall where the electric field changes rapidly. Evidence of
thic appears in the nonequiiibrium analyses of the cathode fall by Long
{Reference 60) and Tran Ngoc An (keference £6) which are discussed in
Section IV. Thus the theoretical mcdels based un the concept that the
electron distribution function is ir eaquilibrium with the field may not
be valid. As von tngel noted abcut his own theory, the equilibriui
theories give "physically the correct picture, but tke numerical
agreement with cbservaticre is largely fortuitous" (Reference 89:224).
This observation is also discussed later ir Section V where the
ecti’ibrium anc nonequilibrium results are compared.

Returning to the review of the 'iterature, <ince 1974, L1'yancy

leterence 67) analytically investicated the effect ot the positive ion
centribution trom the recative gluw, he based his approach or. experi-
rortal evicence of Gunthorshultze (Peference 2€) indicatirg that as the
crode approaches the plesma side 1 the cathade sheath, the potential
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drop acress the cathece fail increases, This irdicates thet some of
the positive ions required to carry ithe current ir the cathode tall
region originate in Lhe negative glow. Ul'yanov solved the following
set of equations fer both high and Tow ior mcbility cases, defined

beiow

gg i} en+
dx ‘Y (12)
dJe "
= = (3-9,)(E) (13)
-(8p
alE) = Ap e ([ ) (14)
Jy = enu B (Tow field case) (15)
J = enk £72 (high field ) (16)
N L gh field case

The boundary conditions which neglect any potential drop in the nega-

tive glow are given bty

E(d) = 0 (17)
J,(d) = (18) ‘
|
where © vac a varigble parameter representing in his theorvy the ratio

of pesitive iun current densily to electron currer . density at the

cathode ta'l-negative glow bouncerv., For both mobility cases, his
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final transcendental equations contained integrals which had to be
sclved numerically. His results indicated thut if the fractiun of ion
current coming from the negative glow (%) decreases, ther the electric
fielcd at the cathoge increases. For a given secondary emissicn coeffi-
cient (1) , he detevuined that the normal cathode fail potential (VN),
normal current density (JN), and rormal cathcce fall length (xN)

changed quite slowly over s wide range of & values. hHe tound the
greatest discrepancy between his theory and ven Engle's theory at small «
and J

where a singularity existed in his equations for V His

N N°
ecuations for V“, Jh’ and X depended only on gas, cathode parameters,
and S , once the transcendental ecuvation for the electric field was
solved. From the fact that VN’ dh’ and X, were a function of &, he
concluded that a complete theory for the cathcce fall normal glow dis-
charge must take into account ion production in the negative glow.
Neuringer (Reference 69) made an aralytical investigation of the
cathode fall region in high-voltage low-current discharges. He
determined that to first order the electric field decreased linearly in
the cathode fal! region, the vcltage drop depended orn the two-thirds
power of J/p? and the cathode fall thickness was independent of the

cperating current anc veried inversely with pressure. His model

combinec the electrorn current continuity eauvation,

d—xg = a(E(x))Je(x) e)

24
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Poicsen’s equation,

) Je(X)
() 7 TETR (20)

with the requirerment for tota! current ccrservatiorn.
ved=0ord=y + J, = constant (1)

de and J+ are the electron anc¢ positive icn current censities and Ve
and v_ are the electron and positive ion drift velocities. He used
Townsend's ‘orization coefficient (Equation 7), Ward's (Reference

92) rocified fornula for the pesitive ion velocity for ions in a hich

field,

. 1/2
v, =k, (F/p) (22)

and the fact that v+/ve & 1 throughout the cathcce fall to obtain a

differential eauation separable in Je ard E. This equation

Bp
4, ) ) -(°F) L )1/2 e
dE T T e \TTT ) TP E s P J-J (23)
T

e

can be integrated accuriing the electric field gues t¢ rcre and the

S electron current density s equal to the total current density at the

g cathode fall-negative glow boundary,




(24)

(¢5)

hHe was eble to derive an expressicen for the electric tield as a furc-
tion of distance by assuming Je <<  close te the cathode. Leeping

only 1irst order terns, he derived

172

- P Jx

s VE.
k ¢ E f (’)
+' 00 \ G

Assuming no externally initiated electron current density, such that
Y
J o= (L)
e (|+~> (?7)

he also obtained

Vo 7 : 2 Vogl’ ) A o
noo kKA p &)

The derivetion of Ecuation 26 is inportant becsuse it was the first

L're the linecr tunctiona! dependence ot the electric field un cistance
nac been derived, and not assumed. He claims good ayrcement with
experirental results quoted in Francis' article (Reference 6) anc vith a
computer rodel usirc ¢ differential equaticr solver technique whict was
previously deveioped by Lard (Reference 92) to sclve Fquatiors 19

ard 20,0 Fven chougr he uses valid benndary curcitions (Eovaiions

cwoahG cb), hie medel s correct only 1 reaion v @, near the

cetbode <ince be has assurec v, o= k+([/p)‘ CL K Jin order to

€
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drop terns. Additiondl cnalysic i1 ilhe next section inclucdes negdtive
iers and revcals that the tirst order approximaticns do not heve to be
made. Nevertheless, his results add crederce to von Ercel's assunpiion
e that the electric field decreases lineerly in the cathode fa'l recion,

Davies and Evars (Reference 22 extendec heurincer's analysis and
showed 1t could be applied to the whole discharge by cheiging the
coundary conditions and assunarg the ratic «f positive 1or to electron
mobility to te & constant.

My
N (29)

e
This assumpticn was feund tu breakdewn only at electric fields for
vhich 1 - Je 24 rJe, which norrally was rct the case. The boundary
condition @t the cathcde was the seme as Neuringer's i.e. Equation

¢/, but the other boundary condition was changed to vepresent the

electric tield at the anode or to cpecity a particular spplied voltace.

fased upen combining Peisson's Equation ¢U and the electron current

continuity [quation 19 inte a transcerdental type ¢f equalior.
including the above cranges, they ceveloped & new, fast nurerical
technique for prediciing the variat:en of E ¢nd Je as e function of
distance from cathode to anode. Althouyh Equatior 18 is true 1n

the cathode fail region where 1onization is the dominant procecs and
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the electrens are scattered precdominantly in the forwarg directicr, it
i$ not correct in the positive column recion where the electirore are
scattered isotropically and the gain ot eiectrons is taldanced by icsses
to raedial diffusicn, recombination, ¢r attachment. irn essence, vhen r
*< held constart, this ic tantamount te includir¢ diffusicn “n the
rositive column. However, diffusion was not ircluded as ¢ 0SS process
in the electron current continuity equaticn. In additicen to thic
discrepancy, the anode fall veltage appears to be rich too small.
tstimatirg from their Figure 1, the anode tall ir helium appears to be
less than 5 velts which is nuch iess ther the nominal value of 26 volts
(Reference 6:14€). Llater in this chapter the same probler was encoun-
tered when this nethod was useu. Further discussion of the anode fall
is reserved for Section V.

Recertty, Mitchell. Kline, ana Denes Leference 67) calculated the
electric tieic, particle fluxes, ana perticle dersities as a function
of position in the cathode and ancvae regruns cf a high pressure glow
discharge cortainirc an attaching cas mixture. They used @ one dimer-
sicnal steady state continuity equetion model srncluding Poisson's

eavction. The t¢!lowing beundary conditions were used:

Cathe ée Anode Positive Column
| n “n =n -0 dl . dn dE o
o ¢ et - dv  dx  dx (32)
J+ =0

where Jt/J- and b yere adjustable initiai paramete.s. Thev ro o) ted
that the catbode sheeth chardcteristics are insensitive to variat ons

el




in the concentraticns of the attachine species, whether diffusion of
electrons were included or nct. However, they found the anode sheath
was affected by the inclusion of electron diffusion as we'l as the
attaching concentration. As will be shown in the next sectiun, the
boundary conditicr fur the positive column in Equation (32) may not
lead to a unique solution. Thus there remains some guestion con the

corvergence and lience self-consistency of their sclutions.

2. NEW ECUILIBRIUM ANALYSIS QOF THE CATHODE KECION INCLUDING NEGATIVE

IONS

This section expands Neuringer's analysis of the cathode fall
region to include regative ions. Since the ratio of positive ions tc
electron mobility is held constant, the transverse diffusion ct elec-
trons was added to tke electron centinuity ecuation. A one-dimensicral
steady state distribution is assumed su all quartities are functions of
the distance ¥ frowm the cathcde surface and not of the transverse
geometry. When attachment and trensverse diifusion processes are

included, the equations governing the steady-state discharge are:

Feresun's equation

1
dE 1|y de ) (32)
dx ‘ v, \ V_ o
0 C

the electron current continuity equation

dle ( %\,
LAY
dx ,XZVG e (34)




the negative jon current continuity equatior

1.8 the total current cerservation ectution

v e - (36)

where L is the electric field strength, ¢, J_, J_and J are the

+, L
positive ion, clectron, negative ion and total current densities

respectively, V,» V,, and v_ are the pusitive icr, electron, and

e
negative ion drift velocities, 5 is the permittivity cof free spsce, «
andg " are Townsend's first ionization and attachment coefficients, Ue
is the electron free diftusicn coefficient (cm</sec), x is the electron
mean free path, kr is the 1on-ion recombination rate (cm®/sec), and x
is the distarce from the cathode tc the anode. These equatiors differ
from Davies and tvan's equatiors in that negetive ions have been adaed
to Poisson's equation, attachment and electron diffusion have been
addec tu the electron continuity equaticn, the necative ion current
continuity equation is now required, and the negative icn current

density has been adced to the tote)l current conservation equation.

lhorrmalizing the current dersity to unit implies:

Then dividing Equaticr. 33 by 34 arc using 37 to eliminate
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the pusitive ion current dencity yields

dE ' N v, ]7_?—- .
- = v ]-\]* -1 -(]* )] (1-'1— ¢ )J
d, v, Vo e v 2y e (38)

Equations 24, 35, and 3¢ wie the sel which will be analyzed irstead of

h ) the original system of Lquations 33, 34, and 3%. Because @, 1, Vi
Eif ' v, are strong functions of the electric fiela, this system of couplec

.

Ef;j equations is kighly norlinear. The system becones solvable if the

h Tcilowing assumptions are nade: v

o + +

E V; = r and Vt—v 1 (39)

The variation ir r with the electric field is very small and beccres

significant only when J, > rde. Thus these are gcoua assumptions over
the complete range of E. IlMaking use of these assumptions, separating
variables and using the boundary conditions E/p = Ec/p and je = Jen at

the cathode results in the following integral equation

E/p d

2", pal LI N e
a=n- - pd(E/p) = — 1-(1er)j -25 ] =—
[ (= 5) o/ R

E/p + Je

The Townsend first ionization coefficient that was used. was the

more general form given by

-(B(p/E)>) (41)

where A and B are empirically determined ccristants characteristic of
the ges, and s=1, for molecular cases anc s=% for rnu:.ntomic gases.
Similarly, the attachment coefficient can be expressed ac an exponen-
tial

o =(o(e/p) Y
n/p Ce (42)
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Or as a series

n/p = e, +i al.(E/D)1 {42)

=

where C, L, and t or a; are erpirically determined constants depending
or the attaching gas. These are gocc assumptions provided the elec-
trons are in equilibrium with the field. The ion drift velocity ir &

high field regior can be describted by Ward's niodified formula.

B 172
v, © k+ (E/p)

(44)
Substituting for o, n, anc Vo Equation 40 becomes:
Eo/p t D
- > - r 1/2
S [Ap oBIP/E)" ¢ o-D(E/P)"_ —§—~————~—7§] e (£/0) 2pa(E/p)
E/p A k+(E/p) (45)

J ;
€0 J
.- Lo (+r)-2 = |d;
¢ J J S
0o . e e
Je
Changing variables by letting y = B(p/E)S, the first term on the left side

of the equation becomes the difference of the two incomplete gamma functions.

E /p 0

-B(p/e)® 1/2 L2 3/25./' 1 iy

; k (E d(E/p) = Ap“k,B e Yy

f/' A\p e LLE/p) " Tpd(E/p pk, e (26)
E/p -

3/ 2s
Aj2k,B S S
=-Jl—4i——-—-[r(-3/2s,8(p/Eo) ) - t(-3/2s, B(p/E)7)]

S

‘ ) -t a-1 X
Yhere r(a,x): e t dt (keverence 9:26()  Simiarly
charcing varistles so that ¢ = D(E/p)f , the second teri becomes:

A 2 b 3

t 'CD'kL 0 LYY
2 -D(E bk, T R
-Cp2k+ (E/p)]/ e (E7p) d(E/p) = ¢ p 3ot Jﬁ ¥ e 1
E/p 8 (47)
Cp' k )t t
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The third term integrates easily to yielc

E/P TP D,rp
J.O d(E/p) = 5 [EO/D - E/p] (48)

E/p ‘

Integrating the right hand sice cf 45, yields

Jeo . : jeo .
J 1 \ J. . J Je : . J.
RS J [._- (14r)-2 = fag, = % |G s -ie2 [ e
3 . J o e € J eo e . J
0] e e e 0 eo

Therefore 4% can now be rewritten as
:_3.__ C N r =

= e 25
A, 3 3 3 - . A8 _ 3

(&)
[
fa—

D r J eo -
t ] -5 VI ("’g ) T ()G -5 )42 /.' i di
,D(E /) ) A2k+p (E,/p) 0%, g oo e 1, \eJ

1
e0ltL

'\)' w

The garmma functions can be simplified for numerical calculal . with

the help of the following recurrence relation (Refererce 15:457).

) (51)
r{a+l,x) = ar(a,x) + x%e ¥
For s = 4, [7(5/2s, x) reduces to
1 -x, 1 ] 2 i
P=3ux) = - gl 0 - e TR -, e )] (%2)
X X
. -t
where E1(x) J % dt | the exponential intearal (Peference ¢:278).

X
Fur numericel calculations EX(X; car easily le represented by polynomi-

al dpprusiration (Reference 9:001). For s = 1, "(./es, %, recuces to
3 4 -2 -x [ 1 2 (53)
’ 7 _ . - s - [Ny
\_‘j") 73 4 QT‘f’C»x+39 ';/r) ]/"
X ¥
5 2
vbere erfeoix) i f e 7~ dt is the complementary error “un.tion for

)

0
which there are tablec,
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Similarly tor t - 1, "(+3/2t, x) reauces tc¢

-X
" e [
-g erfc vx ~ Vx (£4)

These simplifications for the gamma function: above were used in the
numerical calculations to ease computation. Errcr functions, exponen-
tials, and sauare roots were more accessible in computer libreries than
incomplete aamma functions.

These terms stiil torm a trarcendental cquation invelving je and

E. Giver at the cathcde, various mathematical methods can be used

to find E which is a root to the equatior.. This field can then bLe used
in s¢lving the certinuity equations, 34 and 35, very near the

cathode. Iteratively, one can spatially step from the cathode tc the
anode by alternatively solving for E(je) anc Jo' This methcc eiimi-
nates the integration problems conventional differential equation
soivers have in solving the original set of equatiouns, which included
Poiccen's equaticn explicitly. E(je) is a srmooth furction and can be
determined using successive numericai approximations to solve the
transcendentai bquetion 50. See Figure 3.

An expression for the variation of the electric field car be
obtained by first takirg the derivative of Equation 50, The
derivaiive o1 eech of the terms in 50 is given below.

3

25” S
d A" 3 S| 1/2 -8(p/E)> d(E/ ;
fix[ X r( - 75, B(p/E) ,]— A(E/p) o ,(,CTXJ)) (55)
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1
(E/p)§ d(E/p) = J

Pl

N S N R Y ()] (s6)
dx tn3/2tL 2t, D(E/p) C(E/p)2 e dx
d [Der E/p] _ Der ] 4(E/p)
dx | .2 2 dx
kP kP _ (57)
df_J Je S N
dx [k ng “‘(EW () (Jgp-dg) + 2 i 43,
+" 70 Je
N . J ) '
J din Je - (1+r) i‘le_ + 2 d_ 0 :]_: g (58)
k,p’e dx " dx dx . Jo Je
+ 0 A

The derivatives involving Je can be elimirated by substituting in

Equation 34 in normalized form yielding

. 2 d I
dx _—k 2 []'(]H)Jle Dr dx f 7 e
Pe e . e
+ 0 a-n- 2 1/?) Je
prk, (E/p) (59)
In an electropositive gas, j_ = C and je < 1 very near the cathcde so
the last two terms in 59 are negligitle. Inteorating Equation
59 under these conditions yields
3 3
2 2 3Jx
(E/p)" = (E /p)" - 55—
0 2k+psO (60)
or taking the first two terms in a binomial expansicn yields
E/p < € /p - 2 (e
p~E/p-
0" k,pe (Eo/p)1/2

This is the same result Neuringer obtained, 26, using many more
approximations in his derivation. He retained crly the first term in
Equaticr 49 as he assumed je & J rear the cathode. This resulted

in «n equation similar to €6 which contained ternic pruportionel to

(E/p)g which he conveniently dropped. The ;inomia. expressior ieading

3dx_

to Equation 61 cciverges as long as (F /p) [N
0 2k+P‘O
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This inequality holds in the cathode fall region but may rot hclc in
the negative glow or positive cclumn region where Eo/p becomes very
small and no longer a lineariy decreasirg function.

Returning to Equetion 59, the deminant terms for an electro-

positive gas are

R IU ‘2”.+._ e (62)
? /2 ?
ke, (E/p) / k,p EO(E/p) / P

which is consistent with Pcisson's equation and the fact that the field
in the cathode fal! reaion is determined primarily by the positive ion
number density.

In an electronegative gas, the situation is more complex. How-
ever very near the cathode even in an electronegative gas, j_;(je and
Je<<1. Thus the field there is determined primarily by the positive
ion current in both electronegative and pusitive gases. As one pro-
ceeas across the cathode fall, the electren and'negative jon current

densities increase in a related manner given by 35. This has the

affect of increasing the slcpe of the electric field as can be seen
from the tollowing analysis.

It was found from the results of the next section that the nega-
tive iun current density through the cathcce fall region could be
related to the electron current density by an exponential function of
the followirg form,

mje (63)

where ¢ is a censtant determined by the boundary cerdition thet j = G
ot the cathcde and m is an empirically determineo censtant. hesults ot
the nonequilibrium analysis ir the next Section also confirm that
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Equation 63 is e good approximation throughout the cathode fail

region except tor a very smal? revion a few electron meai. tree paths °r
ength in tront of the cathede. Usir¢ this approyimation, the deriva-
tive of the integral on the right side ¢f 59 becones

d oo J_ Der mje

- —dj = (a-n- —5————=57, J(c-e )

? 1/?

dx .[ Jo © p> k+(E/p)/ (64) |

After integrating 59 and using this expression, cre can solve for

the field as a functior of distarce

? 3
2

? 3. mJ
(E/p)" = (E/P) -2‘(E[x(1+2c)-(1+r)jjedx-z fe edx] (65)

Teking the first two terws ir a binomial expansiun as before yields

£/p . E /P - mm[x(mc)-(w) fx 3 dx -2f e " ax o
+0 0o 0 0

In the electronegative case, the field is shiited higher at each

corresponding x near the cathode by *he factor (1 + Zc¢). Thic chift is

small but can be observed in the results presented ir the next section

as well os the results of the norequilibrium analysis irn Section IV fer

mixtures of Xe and HCl. Trus this analysis predicts that the attaching

cas slightiy lengthers the cathcce tall arc slightly increases the

caticde fall voltage. As the electron current dens. ‘s grows with

"

=
5,

respect to distance the integre) terms beccme larger onc have the

s
.,

effect uf 1ncreasing the field 1n the pesitive column region of the

.,
s Ny e

discherge. Thus increasing the amount of «n attac er 4i1so inc, eases
the tield in the positive columr region in ar attempt to balance the

Nt

BAS: - CEAEEDS] |
3 ) PR

-

-,

R R
e e T

. " N oL N v . T T
........... P ORI, SISO G © A S o I




TN Y T Y XY TN Ty N W e T T T T TS M Wy L, T e T s N T Ya e e T L e L .. T
[ . CT e e T B L SRl S . . -

gair and loss of electrons.

Pl b a
. .
i

Returning to Lquaticr 59 and sciving for the minimum slope of

the electric fielc yieids

" v - -
. P
B B

v
8
b

' ) mj
d(E/p) + L g . J 7 [I-(]+r)Je + 2(c-e e)]

min k+pgo(E/p) \6,")

The minimum field ir ar electropositive gas cccurs when je = 1/1+r. In

the electrynegative case, the minimum field occurs when

mj

_142(c-e &) _ 172 (68)
Je (1+r) T+r
Both of these expressions are equivalert to charge neutrality.
n, =ng tn (69)

3. [LDESCRIPTICN OF PROGRANM GLOW

The GLCW program wes oceveloped curing this study to provide a
fast, yet complete cescripticen of the electric field in a gas discharge
from cathode to ancde, similar to the Lavies and Evan's model {Refer-
ence 32). This type of medei was chosen because it can give a complete
cdescriptior, of the electric field as a function ¢f distarce from
caethode te arode. The adventage of this type of technique is that it
ninimizes the number o7 Loundary cerditions. This code differs from
most cther approaches including Lavies and Evans bk, starting a. the
cathoce and proceecding towaras the anode. Most other epproaches start
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at the anode or pesitive columr and work Leck towards the cathouc due

to stebrlaty problems. This methoa is sufficiently vtable to stert at
the cathode where the boundary conditicns on the recetive ion current
are well known. The theory upon which the nodel is based has already
been aescribed in the precediny section. This sectior will describe
the houndary corcitions ard the iterat:on tec:iques in detaili.

The boundary conditions usec¢ a* the cathcde and anode ave cnes on
whicl there is fair agreement. The boundary conditions used at tre

vathode are

- Y 70
J (0) =9 (70)

where 7 is the secondary emission coefficient at the cdathode. The
other beourndary cendition requires current continuity a2t the ancde such

that

Other techniques such as starting in the pocitive column using a
differential equation solver and starting toward the cathod: usually
require one cr more boundary conditions in additicr o Egquaticrn 70
and 71 "v match solutions for eachk region being cescribec.

The code i5 based en o shootirg technique which varies the elec-
tric i.¢1d at the cothode to converge upor o calculated value of the
electric tield at the onode. The value of the eiectric field at which

a0
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the electron currernt density plus the negat've jon current aensity
equais the tutal discharge current dencity was foura to converge very
quickly tc ¢ censtant value. This velue of the electric field. at
vhich the ancue boundary conditions iold was the field that was the
target in the shocting technique. After ecch iteration from cathcce to
anicCe the target value of the electric field at the arcde was updatea
with ¢ retinea value for which Equation 7¢ keids.  If E(d} was too

high such that

-
(I \/)

then E(C) was decreased. If E{a; was too low. or the calculation dic
not reach the ancae, then E(0) was increased. Figure 4 shows the
electric field as the prcgram converged. Fuv the second ara tweltth
iterations in Figure 4, no solution existed for the transcendental
ecLation past the points plotted. This implies that this technique
converges rut only to & <olution which satisfies the boundary equa-
tions, but is also the lowest voitege for the discharge 1¢v the initiel
corditions.

Any numerical technique for finding the roots of er equation cculd
be ticed in solvirg the transcendental equationr, <uch as the metrcd of
halving the interval. However, « modified lirear interpolation method
(Reference 45:10-11) was uced since 11 3s supposed tc te <ligthly fast-
er thar the halvirng the intervei nethod. The only rect .rement was itet
‘he tirst twe estimates for E(u) shaild bound the sowutior, 7.e. one
estimate be too larye and the other ‘¢ small, hRapid convergence to
4-¢ digit accuracy was achieved withir 70 iteratic . from elec ¢
tields differing as nmuch as 10-20v/cm at the cathode., lumerical
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calculetions were terminated when the target, E(d), was vithin 1C. of
the calculated value.

Within each vt *these iterations from catkode to ancde, a ditferer-
tial equation sulver, and this nicdified lirear interpclation method was
used to solve the svstem of current contintity equations, 34 and
40, ard find the roct tu the transcendental ccuation, 50,
respectively. The variable crder Adaris predictur-corrector riethod
which was part of ¢ differential equation solver package callec LGEAR
(Reference 36) tor selving stift aifferential equations was used to
solve tfor je given an electric field. The overe!’ iteraticn scheme
from cathode to anode went as follows:

2. Given E(0), DGEAR was ceiled to soive the set of Equations
324 and 35 fer Je(x) a shcrt distance from the cathede.

b. Given this value ¢f je(x), the nodified Tipear interpclation
r.ethod was usea to find the root or equilibrium valve for E(x} from the
transcendental equation 50.

c. Given this value of E(x), DGEAR was called again to solve for
a rew je(x) at the next small increment in space. The spatial step
size h was usually picked such thet (E(0) - E(k))/E(0) < 1%, This
cycle of calculating je(x) and E(x) was repeated as the progran stepped
frer: cathode to arode.

The program can be run without the help of the differertial
equatier solver, usirg the fiele¢ at the lasi step to celcvlate the
field from Equation 5C. Hewever, thic riethod was very sensitive to
the spatial step size uvsed. The addition of a differential equation
colver to predict the electron current density at ine next steg where
the wrunscendertal Equatior £0 was to be soived next, cnabled much
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larger steps to be taker with a savings in computer time.

The GLOW program, incorpcrating both a differertial equaticn
solver and the modified linear interpolation method was usually run on
a Cyber 750 computer system. Each iteration took on an average less

than 4 sec of execution tirie for 250-30C spatial steps. It required

less than 52k of memory to lead and run, Faerameters used in the

= numerical calculaticons are described in Agpendix C.
4 Te establish a baseline anc verify the ccuracy of the technique,
FI Davies ana Evans' becundary conditions and initial values were used and

the resultant field plotted in Figure 5. They set the electron

current density equa! tu the tctal discharge current and then varied
the electric field at the anode urtil a fixea value of the field was
obtained at the cathode. By starting at the ancde, Y was not required
as a boundary condition. The GLOW code was first run from ancde to
cathode to determine ' at the cathode. The code was then run from
cathede to anode using this value of v = 293, 1In this instance, ' was
fixed ena the fielc at the cathoude was varied until the electron

current density ecqualed the teotal discharge current density at the

anocde. As can be seen trom Figure &, very gouc agreement of the
GLCh ccde (cathoude to anode) is ubtdined with Davies and Evan's result

{anode 1o cathode ).

4. KESUITS OF NUMERICAL CALCULATIONS

This section presents the results of calculations usine the GLOV
code 1r various anxtures of rare yases with HC1, A1l deéta presented
for He onc Ar was obtained for ¢ gas pressure of 1 torr., The sata for
k¢ was calculeted for a yae pressure of 100 torr, However, it was
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‘fﬁ found that for ali ihree rare-ccs mixtures, the results at ditterent
pressures obeyec the following pressure scaling relationships.
Yc = constant
J/p? = censtant
pd = constant
Thic finding is 1n accordarice with the similarity rules or sca’ing laws
Ter cas discharges discussed in Section 1. Ddta wae *aken at 1. 1C,
and 10U torr for two gas mixtures ord was fourd ro deviate .ecs than
.G1% from these scalinc relationships.
A current-voltage relationship, similar to Lquation 10 can te
derived for the high 1ield case where the positive jon velccity is
proportionu! to the sauare root of the field. Following von Engel and

Steenbeck's derivation, but using Equatiorn 44 for the ijon drift

velocity results in the following current-vo'tage relationship,

v 3/2
: k(1 +y) -£
J/p~ = 1.4344¢ +v) s 76
Thus, this rew scaling functicr
572
. J/p (pd)

SF{+y .,k R S

A Y +) V ,3/2 (7&)
C

is g constent for a given ¥ and k, in the high field case. This
ii- scaling reiationship ¢ vseful ir cenparing cate at uiiterunt voltaye
E anc currents,
EN kesuits will be presented in the secuence He i tures, Ar mix-

tures, ana then Yo mixtures. Fesults will be disiucsed in th., section

tor the cethode fa’? ¢rd positive column regions, but not tor the arncde

4f
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fall regron. At present the (LCw code does nect adequately aescribe the

c
-
’

»

a

anoae region. The anode tali rvegion is discussed in Section V.

Heliur Mixtures

Thic section presents the results obtained for He/HC1 mixturee,
given ¢ = 1 torr, ¢ = 3cm, J = 1.6E-5 amp/cm2, and ¥ = 2. A summary
of numerical values for the following figures is given in Tatle 1 for
; 2 : L ’ , .

Lo/p, Emin/p’ pdc, J /p?, and VC. LO is the electric field at the

cathode, L is the minimum electric field which in these calculatiors

min
occurs in the positive column, p is the total gas pressure, dc is the
length of the cathode fall regicr, J is the tcotai currenc through the
discharge, arc VC is the cathode fall voltage. Consistent with the

somewhat arbitrary but common scheme for cciculating the cathode fali
distance, the linear cathode field reqion was extrapolated to zero to

determine the cathecde fall length d_. The cathode fall vcltage was

obtaired trom the voltage betwecen the cathude and thic point. (Cther

definitions can be used, but for the comparison with other published
models this definition was applied. Experimental compariscrs would
i!’ have slightly Tower values). The last columr in Table 1 is the
scaling furction (SF) given in Equation 75. 1lhis scaling relation-

ship helps to put in perspective thke various caeta on cathoce fall

parameters. The value of SF(v, k_, for 100% He agrees only within
6. 5% of Ward's theoreticel data (Reference ©€2). This discrepancy is
largel, due to the ¢ “terent approximaticn {or the pouitive ion drift

velecity which e used:

V‘ - +'[A/D(]-C E/p) E/p . (7(')
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1/¢. D AR
v = k (E/p)y /01 = )y E/p - M (77)
vt (c/p)1/e

{where for He H, = BLE3 cm#-torr/volt-cec,
k, = 4.1E4 cmg-torr%/vo1t’—sec, C = 8.E-3 torr-cm/volt,
) 3. 2 2 o
C = ¢27.44 volt sem -torr® and i, = Z2bv/cm-torr).

]
At ZOUv/cm-turr, Ward's approximation yields a rositive iorn velocity

that is only 1% larger, whereas 21 iU v/cm-torr it is 177 larger.

Since the slope of the electric field is inversely proportionel to the
positive ion drift velocity, the cathode fail length and voltage ere
aisc sensitive functions o7 the positive ion dritt velocity ana largely
accounts for the abcve discrepancy. Very uuec agreenent is reached
with Devies and kvens data (Reference 3¢ for Y = .23. Care shoula be
taker. in comparirg the values of SF(v.k,) since this 'constant' is

proportional to (1 +v).

A< can be seen in Table 1. for He/HC1 mixtures and @&lso later for
Ar/ECY and Xe/hCT mixtures e well, the tliecreticel values for
SF{v-k,) ¢o not conpare well with values derived from experimental
results., This is due nainly to the devinition of VC and dc and the
great difficulty in making cccurate fieid or volteue measurerments in
the cathede fall region. Field c¢r veltage megsurements in the cathocde
7e!l region are exceptivrally difficult due to the high fielas énd high
tield gradient. VC anc ¢, theoreticelly are defineu « . the pcint at
which the eiectric field «an be extrapclated to zero. In order to compare with
theoreticai results, accurate measurement of d. and also Ve
recuires that the electric tield in the cathode ¢ '1 be meas: od. Only

recent’y with nonperterhing optical measurerent techriques has arctrate

49
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field neasurements in the cathode tall region been fessible. VC is
usually nmeasured as the anode is moved closer to the cathode while
keeping the discharge current constant. The potential difference
across the electrodes decreases linearly as the anowe is moved through
the pesitive column region. Fs the anode is moved inte the Faraday
dark space, a sudden drop in potential cccurs as the anode fall
disappears. The potential difference at this point is often
experimentally defined as the cathode fall voltage. Further mevement
ot the arcde through the negative clow causes the voltage to decrease
very little due tc the very low fieid in that region. At the edge ot
the cethode dark space, the voltage begins to rise rapidly in order to
maintain a censtant discharge current. The cathode fall length is
usually equatea to this determination of the iencth of the cathode dark
space. The experimental definitions cf VC ana dC are thus not
consistent with the theoretical definitions. however, the deflection
of an electron beam shot across the discharge has been used to
determine the field in the cathode ta11. The lencth at the point where
the field is extrapolated to zero using this technique has agreed well
with the cathode fall length determined by moving the anode. This
electron beam method appears to vary greatly in accuracy S a result of the
design o7 the apparatus. Depending upon the energy spread of the
electron beam, the beam could also aftfect the mainterance conditicn of
the discharge and thus ‘JC and dC it the beam electrens ionize any of
the gas molecules. Thus throughout the remainirc results, SF (7Y, k+)

will be discussed in terms of other theoretical results where possible.

Ficure 6 shows ¢ 3% decrease in the electric field through
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}:1 most ot the cathode fall region (0.-1.26 cm) as the amount of HC1 is
increased from 0 to 57. This is contrary to the resuits that might be
articipated from Equation 66. However, HC1 has an jonizaticn

potential approxinately half cof that for he (12.74eV as comparea to
24.%9 eV), the HC1 contributes more electrons through ionization than
the discharge loses to attachment to HC1 resulting in a slightly
reduced cathode fai! voltage of up to 5% for the 95/5 He/HC1 mixture.
There is also a trend for the cathode fall width and veltage to de-
crease: 1% and 1.4% respectively for 99/1 mixture and 5% ard 6.3% for
the 95/5 mixture. In the positive column region (around 2.5 cm) the
electric field is 5% higher for 99/1 mixture, and 25% higher for a 95/5
mixture of he/HC1 as a result of the i1ncrease in the number of attach-
ing molecules. The fields in the positive column region are consistent
with the value of the field required to have the electron gain and loss
processes equal. In the nearly uniform field region of the positive
column any additicral loss of electrons must be balanced by an increase
in ionization in order to mairtain constant current.

Figure 7 shows the same calculation in 95/5 He/HC! with and
without the contributicn of ionization from HCl. As expected, the
electric fiela is increased in the cathoue fall region when ionization
of HC1 1s not included. This adaitional ionization in the cathode fall

region as the percentage ¢f HCl is increased results in a small rela-

tive increase in the electron current density in Fiqure & in the

b i
NP B )
I Rt | .
PR '

cathode fall region. The current densities plotted in Figures 8 and 9
have been normalizea as in Equation 37. The electron current density

decreases  in the positive column region as the pcrcentage of HC1 is

jrcreased indicating electrons are heing lost te the tormation of nega-
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tive ions. A< expected ithe negative ion current density shevn in
Figure 9 becurks a larger fraction of the discharge current vensity
through both the cathede fall recicn and the positive column region.
however it still contributes less thar 1° 1u the tota? discharce

current.,

Argon

The results for Ar/HC] mixtures will be presented next where

o p=ltorr, d = 1.5cm, v = [.[-5 amp/cm? and ¥ = ,04i67. A summary of
i‘é numerical values for the following fiqures i< viven in Table 2. as

was done for He/HCl1 mixtures.

-;f 'n 160% Ar the value of SF(v, k*) agrees very well with Ward's
i.i value, within 1%. Better agreemert is achieved in Ar than ir te

B because the slope of the electric field is steeper in Ar resu'ting in

less errvor in the cethode fall length and voltage. Approximateiy the

same disCrepancy €xists in the positive icr drift velocity in Ar as in

He . At 400v/cm-tarr, Ward's approxination in Eguation 76

(where for Ar ny o= 1.F3cmé-torr, volt-cec,
k, = 8.25t3 cmg-torré/volti-sec, C = 2.22E-3 torr-cm/voly,
D= 86.5¢ vc]ti/cm?-torrf, and W, = 60v/cm-torr)

.
yields a positive icr velocity that again i< atout 1% larcer., wheree.,
¢t ECv/cm-torr it 1s 18% larcer.

In contrast to He mixtures there 1s a negligible effect v the
electric fieid in tie cathode fall region (0.-.€€cm® in Ficiae 19
when up to 57 (1 is edced to an Ar discharge. I this case since
FCT has a shightly lower icrazation petential trar that tor £ (17, 7eV
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as compdied to 15.7¢V), the smail additional ionizaticn due to the
small percentage cf HC1 1s insutficient tc be seen as any effect on the
electric field in the cathcde fall recion. Figure 11 shows the sane
calculatior ir 95%/5 Ar/HCY with and without the contributier ¢t ioni-
zation from HC1. As expected, the electric field is increesed, but not
as much as for ihe He/HC1 case since the threstolds for ionization are
much closer. Similarly no change is seen in Figure 12 in the elec-
tron current density in the cathoce fall recicn. The negative ion
current density in Figure 12 never beccmes a significant fraction of
the total discharge current density. The negative ion density
increases riuch more slowly than for the He case, since the fields in
the cathode fall and positive colurin are hicker in Ar than in He.

In the positive column {around 1.2cm) the electric field is
increased approximately 3% for a 6971 Ar/H(i mixture (net plotted) ard
almost 12% increase for a 95/5 mixture. Again this is the result of an
increase in the number of attaching molecules in the positive cclumn

region,

Xenon

The results for Xe/HCl mixtures with p = 100 torr, d = .0licn,
J = .1 anpsem?, and v = .(004 will be presented rext. This velue of
was chusen so results coula be compared with Ward's recults (feference
65j. A summary of numerical velues for the following figures is given
in icble 3, as wa< cone tor the previous mixtures.

In 10C7 Ye, there iy apparent agreement (6%, Letween the -caling
facters calcuitated from Wards data anc the data from the GLOW coce.
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hpproxirictely the sane discrepancy exists ir the positive ion drift
velocity as in the previovs rare yases. At 690 v/cri-torr, Ward's

approximation us n¢g Eauation 7€

{where in ke bt = 4 E2 cm torr/volt-cec,
k+ = 4,t3 cmg—Torr%/volté—sec, { = ¢.25k-3 torr-cm/volt,
L = 225 vo]tg/cm%~torré, and “l = 100 v/cm-torr)

vields a positive ion velocity that is about 1% larger, whereas at 10C
v/en-torry, it is 23% targer.

In Xe mixtures there is a very slight trenu tor the electric field
to increase in the cathode fall region (0.-.tcm) as the percentage of
HC1 is increased. This is ckservable in Ficure 14, Xe¢/HCl mixtures
are unique in that both constituents have almost the same ionization
rotentiel (ic.74eV tor HCY and 12.13eV for Xe). Thus only effects of
attechment are observed and the results agree with the analytical
description given earlier. The effect of c¢itiachment i< to raise the
tielc slightly throughout the cathode fell region.

tven though the field increases as HC1 i« «cacd to Xe, the elec-
tron currenc density decreases slightly throughout mect of the cathode
fail region in Fioure 15 due to the pure loss of electrons to at-
tachment. As ir Av mixtures, the negative ion current density irn
Figure 1€ grows very slowly near the cathode but begins te arow
rafialy as the electric field levels ctr into the positive colunn. It
is stili insignificant in comparison to the contribut:wr from the
electron and positive ion current densities to the tutel discharece
current density.

in the positive column (around .C0% cm) the ¢ ectric fie'' in-
creases approximately 22 for 99,1 mixture, 4% for €£/5 mixture, and 9%
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for S0/10 mixture. Agair this is the result of an increase in ihe num-
ber of attaching species in the pesitive column and the inpesed boun-
dary condition of constent current.

In summary, the above colculatiovne, which implicitly assumed that
the electrons were in eoauilibrium with the local field, have shown
that:

i€ The tormation of small cniounts o7 neaative iors in the
cathode fall region is not the reasor that the cathcde a length con-
tracts in the axial direction.

b. The observed contracticr of the cathoce full lercth is & re-
sult of the increased icnization from the more e¢fficient ionization of
the attachirc cas in some gas mixtures. The contraction will orly
appedar in gas mixtures ir which the ignization rere of the attaching
gas is larger than that ¢f the background gas.

c. When the ionization rates and threshcids of both gases in the
mixture are similar, then the formation of negative igrs tends to in-
crease the voltage drop across the cathode tail region and to increase
the field at the cathode.

c. The field in the positive column region increases as the
percentage of attacher is increased. This is required in order tc
balance the electron gain arid loss processes and to maintain a corstant

current,




SECTION IV. ELECTRON KINETICS IN THE
CATHODE FALL REGION: NONEQUILIBRIUM ANALYSIS

1. KEVIEW OF NONEQUILIBRIUK ANALYSES

The analyses in Section IIl were 211 based ¢n Poisson's ecuation
and current continuity or flux ecuations. These analyses presuppcse
that the electren energy distribution function is in equilibrivm with
the local electric field. As mentioned in Section I, there is analyti-
cal evidence that the electrors are not ir ecuilibrium with the rlectric
field in the cathoce fall regior.. Since the electron current or flux
is an average over the product of the electrer number density times the

electron velocity, ¢rv>, it is not pcssible te derive n or v from this

average unless the nonequilibrium electron energv distribution function
is known. There are two methods ot calculating the electron energy dis-
tributicn function:

1) by using a Fonte Carlo simulation of the electrons as they drift
from cathode to ancce, or

¢) by calculating the distribution function from the Boltzmann
equation.

This chapter wiil critically review ana, where appropriate, point
out defects in the few papers that have investigated the norequilibriun
electron kinetics using either of these two methods. The rew rcsults of
this study, which usec a self-consistent Boltzmann melhod and included
discociative attachment, will be presented at the end of the chapter.

First, a comparison will be made between the Monte Carlo rethec and

the Bolvzrann methoa. Although hoth methods should yield similar

70
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recults, there are imporiant computer and scientific differences. The
Monte Carlo method is wuch more costly in terms ¢t computer time. In
order to obtain ccod statistics, a idarge number cof ceilisions are
required, typically 105 cr greater. ihe advantace of the Morte Carlo
method lies 1n its ease cof implementation as ¢ computer coce. however,
tLe bLoltzmarn method nermally enables a greater insight into the physics
of the situation. The sersitivity to chanyges ir inputs is riore easily
investigated pringrily due to the shorter run time. This enables
approximate analytical soluticns to be found which illustrate the aepen-
agence on the relevant parameters. In uniform electric fields. the
agreement betweer lionte Carlo results and Eultzmann analyses have been
excellent (Reterences 62, 72, 77).

The thecry and first calculation of the electron distribution
functicr as a function of distance through the cathode fall region wes
repcrted by Aliis and co-workers (References 13, 14) in 1975 and 1977.
‘heir approach invelved transforming Boltzmann's equation into energy
spece where the rew variables are the electron potential energy,
to= EI E(x)dx and the electron kiretic energy - = imv2. In addition,
they treated the cathode fall region as a separate entity allowing for
no tiux of positive icns trom the regative glow and forcing the elec-
tric field tc zero at the arcde. Their calculatiors were based un an
'ideal’ oecs dufinea as heving a corstant momentur transfer cross
section ang ccnstant excitation anc ionizaticn _ross - _iers with
threshoids of oeV crd 160V rescectively. Ir edditien their calculo-
tiors ere not considered self-consistent, meaning the calculaticns of
tre ¢ 'ectron nunber density and electric field were ol 1terate . on
successively tu corverge to a selt-consistent soluticn. The noncqui-
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1ibrium: phenomena which their calculations demonstiated included:

a. A cdip in the eleciren number density acjecent to the cathode,
This results frcn the electrens Leing accelerated awecy trom the cathode
%f% ord not yet having sutficient enerc¢y fur ionization,

b. A peaked icrization coetfticiert which is smail near the cath-

vde where the field is highest and peaking betwecn one hal1 and two

LT *hirds the tctal cathude fall length.

k;i: ‘his technigue of transtorring Boltzmann's equation into erergy space

hll has become the basis o1 several investigaticrs aiscussed later.

ia; Almest simultanecusly with Allis, Trarn hgec, et al. (Reference 66)

; ; used a one dimensional Monte Carlo method to investigate the nonequi-

F’f Tibrium electron kinetics of the cathode fall. They began by assuming

éj a linearly decreasing electric field. Althouvoh no atfenpt was made tc
correct the field through Poisson's equation, their results did give a

Sy cood physical picture of the nonequilibrium process occurring in a high

field gradient. They found the eiectron distribution functicn evolved
from a shtarply peaked distribution near the cathode to a nultiply peak-
ed distributicn entering the neyative alow. This was the first theo-

retical prediction ¢f the three groups of electrons observed experimen-

telly by Pringle and Farvis (Reference 73) in the negative giow (high
energy electrons which have undeicone few collisions, intermediate en-
erey electrons which form the bulk of the distribution, and Tow energy
electrens which were primarily a vesult ot icrizatior r.ocessts;. Tran
Yarce, et al. cercluded that the use 01 Tewnsend's i¢nication coeffi-
cient uiven by Equaticr 41 was inappropriate in the cathode tall regicn
<irice the electrons never reachea equilibrium witl the field. In addi-

tion they determinec that the mojcr features of the cathode tall are

-
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actually determined by « wmall number of irelastic collisicrns ana that
s elastic «cllisions play only 4 subc<idiary role.

-2 The mest definitive work usire & Boltzmarnn analysis was acconi-
plisrea ty Long (Reference 6(C). 1t was baced upon an apprcach out’<nred
by Allis (Reference 13) of & direct sciLtion of the Ecltzmanr equation
without the conventicnal expansion methods. Long simplitied Allic' re-
sult by <impiifyiny the angular dependence of the distribution function
in the cathode tall region. kis method of solution was tirst to esti-
mate the distribution function and, tc use this irn the collision terms
to integrate the distribution function alcrc the varicus energy charac-
teristics. The distributior function was iterated urtil there was less
thar .c% change in the distribution function at each energy bin arc
ther the electron number densities and electron cirrent densities were
calculated from the distributicn tunctiori ¢s a function of distance.

lie attempted to use these values to solve Poiccun’s equaticn for the
electric field befure repeating the prccess to cerverge on a self-con-
sistent sclution. Long's results and conclusions {or mercury and argon
coreed very weli with these of Tran hgoc for hel-um. However, in his
integration of Pcisson's equetion for the electric field, he failed to
include any change in the ion crift velocity due to changes in the
electric field that occurred from assuming current continuity. This
Yindted the corvergence ot his code te unique cases where the ancde was
placec inside the cathode sheath, The resciution of tr 5 probien and
further improverents of Long's compuler code are described in the fol-
Tewing sectiurn.  His progran reguirec U0k of memery to load danc run.
Pun tines were typicelly 5-10cec per field iteration or ¢ CLC wolU
compute -,
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Hore recently Segqur, et al. (Keterenre 79) coupled a Boltzrarr so-
lutior four the electrons with ar cralytice? approximation to the Boltz-
manr. equation for positive iens in the cathode fall region for various
heliun-mercury nixtures. They dassumec the electror collisions were
isotrcpic and only censidered charge irarnsfer collisions with a cor-
stant cress section for _he positive ions. Tr. did not have to use
conservatiorn ¢t current te calculate the positive jon density &S a
function of pesition as Long had done. Segqur, et al. initially assumed

a linearly decreasing electric field vanishing at the arcde. Within

3-4 iteraticns of calculating the electron and ion densities, followed
by solvinc Poisson's equation fur the field, their numerical technigue
achieved a stakle convergence. Thus their technique was self-consis-
ternit. As the percentcye of mercury was increasea from 0% tc 9.1%, the
peak of the ionizatiun coefficient increcesed and the threshold for
jonization shifted towards the cathode. This is due to the fact that
mercury atoms heve a larger ionization cross secticn as well as a lower
ionizatiun threshold than helium atoms. They found the jonization in
the cathoae fall regicn took place in two staces: mercury is ionized
“irst near the cathode ance helium is ionized siightly further away fron

the cathode. Eventually boih processes €xist together during the

remiairirg part of the gischarge. Since the nobility cf the mercury !
atoms is mtch lower thdar helium ators, they aisc found a <me’Ter ionic
current nedt tre cathode arc a larger icnic current ree. the .rcde when
mercury was aaced,
At the some tine, boeuf, et al. (Reterence 1) investigated the
cathoae fall in a belium discharge usinag @ se't-cciuvistent Mor- e Cervio
tectriaue. They also investigated some features ir an oxygen dis-
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chorge.  They rertormed one Mente Carlo calcuiation for positive iuns
and fourd that the pusitive icr rrift velecity reduhbed eauilibrivm with
the tield in less than ]U_Z Cri. Thereafter ley assured that the iors
drifted towerds the cathode with their equilibriun drift velocity. In
their self-consistent iteratiors betwee: :te¢ number density and the
field, their calculations normally reached cor.orgence after 5 1tera-
tions. They concluded from their ionizatioun ceefficiert and electron
drift velocity data that the norecuilibrium region in @ helium dis-
(harge extenas just over half (b4%) of the cathode fall length which
aqreed with the previous irvestigaticns,

P three dinensiorial Morte Carlo caiculaticr wes accomplished very
recertly by Boeuf, et al. (keference 20). They made extensive use of
the n11 collisiun techniyte nsing a fictitious teotal cross section to
maintain a pseudo-censtant collision frecuency so that numerical inte-
yrations could be avoided in determining the time interval between two
coliisicre. This allowed them te calculate a three-dinensicnal elec-
trer distribution functicr more eff ciently tahiro angular scattering
into account. Radiel fields were not included and no attempt was made
to ‘terate successively cr the electren number dersity and electric
field. Thus their calculaticis were not se¢it-consistent., They exam-
ined twe cases: 1, & rcrmal glew discharge in helium at cne torr with
an absorbirg anode placed in the recative glow, end 2) an abnovmal dis-
charge in Lelium at one torr. They found that theie .o Tittle crror it

isotropic <cattering is assumed ¢nd the momentum transfe: cross sectiicn

is used as the clastic cross section irstead of wcsuming anguler scat-
terinc arc using tie ciastic differentiai cress seciion., Boewr et &l
shitwea that the original assumption of fcorward scetiering made by Tran
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Ngoc (Pe‘erence &o) led to toc high of electron energies in the tatter
two thards ot the cathode fevi, As a result of all the electrons being
divected in the <ame directicn dna at too high of erergy, the icwnsend
ionization coetficiert for the Toiward scattering casc was as much as
5% toe tow throuck most of the lotter two trhives of the cathode fald
regyicr.,  They celculateo the Townserd ionizat i ceefficient by
irtegratirg the 1onization <ross <ection and e,ectron distribution
tfunction. Its maximurt cecurred sorewhat beyenu the maximem of the meen
energy distributicn., They concluded that as 4 result of the bimodal
cheracter of the electron distributicr function,the mean (nergy and
icnization coefficient were not related to the same part of the
c¢istribution tunction. Finally, their angular distribution functions
show that the high erevyy segment of the distribution function is
largely forward airected, while that o1 1he low enerqv part is nuch
more isotropic. As a function of distance through the cathode tall
region, this trend became wuch more evident close to the negative alow.

This concludes the critical review of nonccuiiibrivi technigues.
i q

2. DESCRIPTION ANC MODIFICATIONS TO PROGPAM SHEATH

The Shth It prograr was developed by W. H. Lorg to solve the
Boltzmann equation for electrons in ron-uniforr fields without requiv
ing the eiectron distributior turction te be in equilibrium with the
locel field, The collisicral Boltrmaun equation cescribuc the evolu-

cion of a swarr of electruns in both srace and tine, ord is aiver by

f - )
+ cofra - UE o= -
t Y “)cm (78)
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vhere £ = £(F,.V,1) is the electron distributior tunction which
represecnts @ complete statistice! description ¢f the electron in a
weakly icnized gas. The variebie L is time, vV is the electrun velocity
vectir, T is the electron spetial vector, @ = -e/m (E + v x B) is the
acceleration of the electrons due to electr;c and magnetic fields.
;Ercol represents the change in the cistributicn tunction cve to
elastic and 1nelastic electron colliisicns.

Considering only spetial variations in ihe cirection ot the elec-

tric tield, then 78 reduces tc

oM e L ) (79)
col

XX m 3V
X

Dividing both sides by v, arg eb(x), Equation 79 car be transforned

into energy space.

af  of o1 o £0
BL * 3 vinxi ﬁt) o] (£0)

wherc @ = e [ E(x)dv i< the electron potentiel energy and & =§mvxz is
the ¢lectron kinetic enerygy in the field directiv.. By defining the
total kiretic enevrgy oS + = ¢ + 1, then T cui we repiesented as the sum
of two tunctions, f (¢.7.%) which is the distribution ot electrons
with v <0 moving against the field anc f, (¢ s ,¢) which is the
aistribution of electrons with v, > G moving with the field. The
voriable ' represents the e€lectron rancom kinetic crergv. Fauctions

78 and 8C can be used tu methematically define ecuilibrivm ang

runcquibibvier regions.  tquilibrium can be definea as oceurring wher
A f a3 1 KR

o erowhen ey*t(x) ”f/ro1 . Thus the kiretic erergy, ygained

from the tield is balarced by the lcss ot enevg: te collicions:  In
rurequilibriur regions, the decrease 10 the potential eneray of the

/7
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electrens is converted predomirantly inte an increase ir their kirctic
ereray. In Equetion 79, equilibrium can similarly be defined es

el (x) of 5F m of

oceurring when v oo ar wher ?Vx eF(x) *t

<o x , Vv In other

)

X co
words, equilibrium exists when the aictributicor function changes taster
in velocily space thar it does as ¢ funciien of position. This was the
cefinition used in Sectior I.

In the absence of collisions, T is constant c¢long the energy
thavdacteristics, 7 - ¢ = constant. These characteristics correspond to
electron trajectories in the two-dimensional energy space (£,¢). The
right hand term 1r Equation 80 represents the «hange ir f aiong the
enevgy charaecteristics when collisiors are includea. This ccllision
term is a complicated functicn irvolving 1, and the c(ross-sections for
all the various collisior processes. The theory and cerivation cof this

ternt is described in Long's report (keie.ence 60:12-21). He showed

that &0 can be put in operator form

\1/2 (81)
Jf of o AJ,__.‘ L - ’
).ﬂ * T}: ) eE/N(M <r> (K Q( ))t

where K is an inteoral operatur representing a sum over all collisicnal
processes and Q (¢ ) is the total cross sectiun for electrons with totel
kinetic energy : . Using Lhis technicue, the disiribution furction f
does aot need to be storcu between iterations, only Kf must be re-
teined. The :oilision terr can be further simplified by assuming Kf is
nearly isotropic ir velocity space and exparding Kf ir regendre poly-

romials, P](cos G) for cxample.

K = E: A (V)Po(cosﬂ)

9
v =Q

(82)
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where A (v) = fi; N < "> P (cosi) d{cosu)
: l Vv L ol

This expansion is quite different trom the usual two teri: expansion of
Boltzmann's equaticr i spherical harmonice. This expansion is an
expansion »f the produc’ of the integral opera.cr times f, anc rot an
wxpansion of ¥, Assuming that the seccrndary elecirons are emitted
isotropically and regiecting superelastic electron collisions and the

recoil terr: for electrons, Lona cerived the tcllowing forn of the

af af 1 1 ] ; e,
7$_+ 2z eE/N(¢) coso ;;; 29 +1 { fl(t,®)0,(f)

3 h
- + : h h h w ! i
- D D N S N T I f E fg(u,wo,y(a',e)de'}r’ (cose)  (83)
h ' L"’r—‘.
j
€78
h 7 a Ny
—f(»,z,rr){o () + Do) +f Qg (v et +Q0(e) + 1 Qle)
h o]
where
1/2
cosn =+ ()
2041 2 s
fl,0) = -é~~/]%z,‘ cos n,¢)r9(coso) d(coss)
21 +1
Q () =4 -3;—./ﬁa(,,»)P(cosY)d(cos:)
‘h = inelastic collision eneryy 1085
iy = iorization energy loss
Qo = collisior (ross secticr integratec cver ali scettering
angles
superscript h reters to a sur cver inelasiic processes
superscript i refers to a sum over icnizaticr processes
stperscript € refers to @ cum over elastic ~.ilision preiesses
." superscript a reters to an actachment
. superserint r refers to recombiration
n, = portive ion dencity iy
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Thus, ir [guation &1, the electrens scattered-in is representea by

. h
N 1 n? Phe hva e+ M
Kf - Z ‘ZTﬁ[f,(zh)Q() + Zh 2 f( + ,(b)QQ,(L-h .
=0
Cf bt ] (Losr) (84)
» te
and the electrons scattered out is represented hy
£ -t .
L h
) e, h, 2 i ,,.a\,_’fr,}
Q= e { S0 Zn: I A O O A
0 (85)

Equaticn 81 s sclved nunerically using an iterative technique
for evalucting Kf. It -s assumed iritially trat there is ne contribu-
tion from scattered in electrens, ie ki = G and Equaticn 83 is then
integrated both four fcrward moving electrers and backwara moving
electrons for each value of n=-7. This yielcs a tirst approximaticr
to tne aistribution function frem which ¢ rew Kf can be calculated.
The procedire s repeated until corvergence 1+ reached, typically when
there is lecs than .27 change in the distributicn function. Ry per-
forming the integration ir e specific urder the same array can be used
to store both the ol¢ and the new values of Kf., thus minimizing com-
puter storage requirements. The arreys tor Kf, anc kf_ are trape-
coiai1 in shape since fi($,i,¢) = 0 for  £x¢t , where 7 i the
initiel kinetic erergy in the field direction of the electrons leeving
the cathode. Figure 17 shows how the arrays for Kf are arranged ir core
o twrther minirize storage requiremerts. The toiu! av7da of the array
in Figure 17 is 48,24010 (136,1608) verds.  For ¢ CUV cathede fall,
these ditencicns give ¢ iev energy resolution. ‘he storayge of cnly Kf
prever-s the distrrbution furction from heing know e« a funct-on of
divtcrce, except @t the cathgae and anode where i% ic stored in sepa-
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201 spatial bins

Cathode
Anode

(backward)

220 energy bins
Kf+ (forward)
Kf
220

20

Anode
201

Cathode

Figure 17 STORAGE ARRAY POR COLLISION INTEGRAL IN SHEATH CODE
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rate urravs.

bBourcary conditicns are ustelly specified at the catbode and
anode AL the catncde, the enerey distributicn of electyons, f+(},f,0)
1s a variable input. The functior 1 (,7.:) can refresent the ¢is-

tvibution of electruns at the head of the rusitive column wher

= V _, the vcltage drop ccross the cethode fall, negative glow

;max c’?
and Taraday dark space, or ii can represert the distribution of elec-
trons at the anode then t = 0, or it can represent the distribution
¢long an axis ot symmetry such that ¥_ = 1, . Along the locus of
turning points where the electror kinetic energy in the field directior
"=, the forwerd and backwara fluxes ere equal, f (<,0,¢) = f_(c,0,5).
The algorithi used in Long's code for the numericel integraticn of
Equatior &3 1s second crder and srebie. The distribution function is

calculated vie

- -l _.

" 2Lt (86)
At E/N,

where C = eE/N (L)%k? and 27 is the energy step. The relative error at

2
ey 2w Q (a7
Errorre] » ( 9) +—3 (: E7N> )

which imp.71es that the error is emall as long as

edch step is

2E (68)
N
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Near the cathode thi1s coniitien is easily satisfie¢ since .
whichk is typically z0eV or less.

In the regative glew and rdradey dark spece Fowever the field be-
comes very small., Ir this reagicn ui the discharge, the d stributiorn
function is charging more repidly with respect to pesition (x) than it

;s with respect to potertial (). Thus i e 1oraer an appropriate

variable. eru x becomes ‘he variable ¢t choice. Cherging variatles,

Equetion 81 becores

X R

1/2
ettt () et (o)

To correctly determine 1 through these recions, the code first sterts
with coordinates (- ,7,:) ard iterates on Fcuation &z. When
“o>CD/NO, then the ceordinates c¢ie changed to (.7 ,x) anc Equation
8Y is ther iterated on until corvergence.

The cece is presently confiocured to calcuicte the elccircn eneray
distritution furction as & function of disterce 1ro Ule cathode tc the
encde. The electrons are cconstrained to move eitfer with or against
the field, i.e. all inteagratiors cre in the plare "= 0. This simpli-
fication significantly reduces ccmputer run tire,

The electron number density is nortalizea to the electror nurber

frreily at the cathnde such that

Of(g(- N IR ¢ r:))«,i‘_‘w/zd-,

n (:)=n S (90)
e eo " o v f , ’—1/2
f\f+( 0, O) _( 0370)) d’
O
wheve subscript G indicates *he boundary cenditicr ot the cathude.
83
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Similarly the erectron current Gensity is rcormalized tuv the electron

current gensity «t the cathode ond is giver by the following

G-t 0 ond _
e (91)
(a0,¢0)—f_\( . )))d»

Je(m) = Jeo

Ik
¢} +
[

Tevnsend rates for the vericus inelastic processes including ionizaticn

are noriaiized to the ¢lectron current density at the coathode as wel’

q/P(f+(t,¢) 0] G )de (c2)
/2’f+(f,¢)-f_(r,*))d~

alo) = N(4)

ln vrder tc cbtain a completely seit-consister® <olution ir which
Poisson's equation 1s cteyed in adcition to the boundarv concitions at
che cathode and anode, successive calculaticns for the e.ectron dis-
tribution function, electron number density anc the resulting electic
field were gccomplished.

Lorg atzeampted tu do this for the case where the anode is just
“1<ide the cathode fali-negative qlow boundary. 6y irtecriting the
Cciectiun aistributicr tunctior be chtained the election number dens vy
.rd electron currvent wernsity and chtained the positive iern nuber

versity usine current conservaiior .,
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J-3,(x)
n,(x) = ety (93)

+

v+(_x) = ‘,1+E(X) (94)
In this calculation, however he had to use hi: initial cuess for the
electric field, so the ion dritt velocity (u+t) was nct consistent with
the new calculaetion of the field.

He normalized his number densities, not through the previous defi-

nitions, but by the ratio of EO/E1 where

E0 = electric field at the cathode prior to the calculation
of the distribution function
and

Xo
El = f(n

X3

.- ne)dx which is the electric field at the cathode

after the unnormalized densities are known. X1 is the
spatial point at which the field is zero.
This approach does not permit the secondary emissicn coefficiernt to be
used as an input pcrometer, however the coefficient was calculated via
the foilowing equation:

: (95)

/

y = ——

This normelization ¢guve good resul*s dand converged as leng as the anouc
was at the bcurdary or within the cathode fall regicn.
Tt was fournd by this study that Long's techniai e divergea when the

enode was rore realistically placed cutside the cathode Tall, so a new

or

o




Coan St s St St et e i he gt din’ it afud anLiatahn \ilak A unainia® S AR A N MRS "'""**"7"-"1

techrigue to reach a self-ceorsistent solutien was derived. This
techrique is based on putting Foisson's ecuation ir cifference form so
the vaiue of the field at each poini is based cn the value at the

previous increment with the field ot ‘bhe cathode yiven as a bourdery

conditior. Hriting Foisson's equation 11 ditierence form yields.
(x.-x. )
e i-1
E.=E. , - -— . +n . .-n_ .- -n .- SR L 6
i T e (g Mg e ey ) 2 (96)

where "+j’ nej’ n__ are the positive icn, electrun, and negative ion
o

number densities at position j, and XJ is the spgtial point correspond-

ing to increment j. The positive icn number cereity can be viritten in

terms of the current conservation stch that

(J-je.-j )
ek+(Ej/p)

- . =
= N4j

The negative ion number density car be calculated from the negative iur

current dencity.

X
j .= Jodx,
I- Of”JJeJ " (98)
i \
n .= —--:J———1—7» (69)
-J ek_(Ej/p) /

- where n is the attachrert rate. Stquetions 99 ard 67 can be

sthstituted irnto 96. Thic results in & tifth ordcr rolynemial +hose
cclution cer be found by numerical means.

t6
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5 t.).‘::‘_/ - . ) y - E = 0
X +-( /2 - EJ_] cx,> X7+ atyx -< 9 j-1 cay)
E.
3-1 -1
1/ . 1/2
(J-3 .-23 p (J-] -2j-. )p
’ - -1 -1
where a = -—=L - 2J b= B )= (100)
ek -k
o+ o+
e {,?
= e = E
¢ 7 (nej ' nej—l) X Jj

Steinman's vethod (Feference 66 was used ir this study tc solve for the

roots. Thus E 1s calculated based cn n » J_ ana the previous value

e’ Je
of the electric field. This technioue converged after successive
iterations of first celculating f(+ ), Ny jP ancd then E(x). Ficure 18
gives ar example of the convergence as the eiectric field and electron

distribution are successively iterated,

lThe iritial discharge parameters, E , F

o* Fmin’ and dc, were veried to

achieve the best corvergence. These parameters describe the initial

field distribution according to the formulas

E(x) = E (1- %) x<d (101)

E(x) = E . x-d (102)

It vias observed that the optimum convergence was achieved when the
initial Lmir was slightly greater than (what was later founc to be) the

converged t ana the initial slope Eo/dc was eqgual to or slightly

LN

shellower than the shailcwest slope ¢f the converged curve. This

generally was the slope occurring between [0 and 3EO/4 oy IE0/8.

Figure 19 shows the effect of changing the valve ¢ the elecuric
field at the cathode. hKote that if [O 15 assumed *oc low, in this case
for Eo £ 757v/cn, then the solution te Eqguation 1CC becomes imagi-
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nery, represcniing an unpbysical selution for the field between the

electrodes. This corresponds quite closely to the phenomena seen in
the cenvergence of the previous GLOW mcde) (Figure 4). The calcu-
latior. for Eo = 758v/cm was deervu tc be the sclution most representi-
tive of a discharge since it represented the lcwest voltage in which &
complete real soluticr existea from cathode tc¢ anode. Although EO was
variea marually, a technique smiilar to the radified linear interpe-
igtion or halving the interval techrique could be programmed to con-
verge to the lowest value of Eo for which 5 cumpiete solution exists.

Summarizing the cherges made since Long published his report, this
study has acded attachment as an electron loss preocess in the rumerical
calculatior of the distribution furction, medified the cede to include
a variable nurber of gases, and modified the code to include a variable
rumber of cellision precesses per gas. The original program was
limited to analyzing a pure gas with one momentum transfer, one exci-
tation, ana one ionizetion cross section. The Townsend ionization ard
attachment rates are now calculated from the dis'vribution tunction,
instead of a net ionization rate froum the electren current continuity
equation. In addition, 1n the calculation of the positive ion drift
velocity, Long rad assumed it was proporiional to the field. This has
been changed so that the positive ion drift velocity s more appropri-
ateiy represented et high fields by Equation 44 in whick it is
«reporticre? to the square root of the field., Alsuv a rew
selr-consistent tectrique was found for calculating the electric freld
from the electron aensity, the elcciron currert density, and the
neyetive 1o current denvity.

The SEEATH prograr: was normal’y run on a Cyber 74 computer system.
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- Each iteration to converge to a sclution for @ given EO tovk or average
!.\'

v of 1bsec. Normeily 4 to 6 iterations werc required tc reach three

- significant figure cenvergence n L(d). 7The code requirea 216K of

nemory to load arc run. The majcerity uf this space was teken up by the

ce » 20) array described eavlier,

3. RESULTS OF NUMERICAL CALCULATIONS

This section presents the vesults of caiculations using the SHEATH
code in the same rare gas-HCl mixturec &s in the previous chapter. All
the data presented was cbtained for a gas pressure of 1 torr. Poain
the recuits for he will be be presented first, followed by Ar mixtures,
and then Xe mixtures.

Only the cathode fall region will be discussed because the anode
was placed just cutside the cathode fall region where the electric
field leveled off to a constant velue as in «r cbstructed discharge.
The SHEATH code, whi:e ‘improved., <t11l had aiificulty cerverging at
very low electric fields where the ccce tran<finice trom intecrations
over energy to integrations cover position. ihis transformation was
discussed in the preceding section. All the SHEATH data presented in
this stuuy wes obtaired before this iransformation of variables
cccurred, “e. while integrations ore conducced in enerqgy space.

Further comments ¢n the ancde fall will be mede in Secticn V.

Hel it
This section presents the restlts o7 the noerecuilibriun calcula-
tions for He/HCH riytures. A summary is given in 1able 4 of he
safe Steling parareters listed 1n tables in the previcus chapter. The
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cathcde fall width and voitege was calculated from the electric tield
in the sarme manner as in Section Il for the GLCw model.

There i< a wide range cf valucs for SF({v, k+) in Table 4. Sorne
of these differences are due to the ditierences in input data, such as
cor k. Alsc, there were different approxinztions used for the
positive ion drivi velocity dependence on the «~lectric field. Fowever,
there were elso important model «.fferences that infiuenced the results
as well. The data from calculations ty boeuf and Maerode (Reference 20)
end Tran Ngoc et «l. (Reference 86) are not self-consistent. They
picked values of pd, J/p%, and VC which agreed weil with experiment and
assumed a linearly decreasing field before calculating the electron
distributicn function as a functicn of distance through the cathode
fall using a Monte Carlo technique. Segur et al. (Reterence 79) calcu-
lated the positive 1on density and current froi: the Boltzmann equation
for 10ons, so an analytical fit to experimental deta was not used for
the positive ion drift velocity. Boeuf et al. (Feference 21) used a
Monte Cario technique for both electrons and positive ions. The
positive ion “nonequilibrium drift velocity" precdicted by the Monte
Carlo technique was within 20% of experimental data which had been
measured in equilibrium. In the SHEATH code, Equaticr 44 was usec tc
calculate the peositive ion drift velocity. This analytic approximation
aqrees more closely with the drift velocity predicted by the Monte
Carle results of Boeuf et al. than the experimental de¢te they
presented.  As a result, the scaling factor SF(Y,k¢) for the data from
the Monte Cario techrique and the SHEATH coae egree within 1%. This
ayrcenent with the Monte Carlu technique was usec . a benchmark in
cerparing the eccuracy of the SHEATH model to othe nonequiiibrium
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technigues. Note that ST, k4) changes very Tittle for the dit1ferent
He/HC1 mixtures, indicating that Lk( ¥, k+) is still an invariant even
when the ionizaticr etficiency ¢* the gas changes. These changes in
the jorization coefticierts will Le seon in later fioures. The

observation that SF (v, k3 1s not 4 1wctien of the fonization

"""' A

coefficiert is consistent with Ecuation 75, he variaticr in SF (v,

¥

» b, in this avthor's results is due tc round uTi and extrapolation
N errors in p¢_and V_.

!I Ac in Sectioin 111, the thecretical values for SF(Y,k+) Go not

compare weil with values derived trom experirental results. Again this
is cdue mainly to the ditferences in the theorci'cel and experimental
definitions of Vc and dc as well as the c¢ifticulty ir making precise
tield and veltage neasurements in the cathede fall region. The experi-
mental valves are the same as those listed in Section III.  The SHEATH
program predicts a 15% cecrease in the electric Tield in the cathode
fall region as the amount cof FCi is increcced torm O tc 5%. See Figure
20. This corresponcs to a 32% decrease in thc cothode fali voltage.
This trend agrees with the results of the Guuw model including the
linearity of the field near the cathode in Luth cases. The shift in
the electric field, however, i« ruch greater in the SHEATH model and
can be ubserved in the GLOW mocel in Figure €. A more detailed

compar ison of the tvwo techniques will be described in the next chapter.
Thie decrease ir the field erc voltage &s « function - f HCY is due to
the increace in the Townsernd jonizaticn coefficient whick can be seen
in Figure (1. The increase in the peak region which correspords to the
rathode giow region is cdue to the fact that HC1 ic - .Ch easier ’n
‘onize ther he. HCI has ar ionizaticn threshold of 12.74eV which is

44
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about haif of that for lic whose icnization threshold 1s 24.59eV. Note

y

that the spatial threshuld fcr the Townsend ionization coefficient is

halved when HCl i< aaded corresponding te the change in the ionization

T cross section threshold., This indicatce that very close to the cath-

~

ode, the HC1 is being ionized before the He. These results are ccnsis-
tent with the results ot Segur, et al. with Hg in He. The decrease in
the linear electric field with the addition of HC1 results in sinilar
decreases in the cathode fall 'ength, decreasing 6.4% vor the 99,1
mixture and 21% for the 95/5 mixture. These results are summarized in
Tetle 4.

The curves for the various electric fields in Figure 20 are almost
parallel beceuse the slope of the electric field is determined throughr
Poisson's equation by the positive ion density. The positive ion
density at the cathode is determined by Y, J, and the positive ion
driftt velocity. Since these variabies and relations remainec constant

for the various HCI wixtures, the slopes of the electric fields re-

mainec constant.

Figures 22 @na ¢3 compare the Townsend ionization and attachment
coefficients as a function of distance for 99/1 and 95/% concentrations
ct He/HC1. The magnitude of the attachment rate is much smaller than
the ionizatiun rate thrcughout the cathode fall region as ore would
expect, except immediately in front of the cathode. In this region

which correspords to the Primary dark space, the electerns have just

left the cathode at & few eV of envrgy and are rot yet in equilibriun
with the field. The second peak seen in the a“tachment curve at 1.cr
is prchably due tc the electron distribution funct «r first reéching

the icnizatior energy and prcducing a new crop of slow secondary eiec-
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trons.

Figures 24 and 25 displey the electron and negative ion current
densities as a functiorn of distance and as a tunction of percent of
HC1. The increase in the ionization rate also merifests itself in an
increase in the eiectron current density tvhroughout the cathode fall
region. The electron current density stays constant for the first few
mean free paths as the electrons are being accelerated up to the ioni-
zation petential. 1t then increases almost cxponentiaily through the
remainder of the cathcde fall. As expected, the negative ion current
density in Figure 25 increases as the proporticrn of HC1 increases. It
is characterized by a very steep onset due tc the large attachment rate
near the cathode. As the total distribution of electrons is accelerat-
ed away from the cathode, they reach the icnization threshold of the
gas. HMost electrons are then past the peak region of the attachment
cross section and the negative ion current cdensity grows at a much
slover rate. Note the logarithkmic scale, indicating the growth of the
necative ion current density is still slightly faster than an exponen-
tial function of distance.

Figures 26, 27, and 28 display the electron, positive ion, and
negative ion number densities as a functicn of distance through the
cathcde fall regicn. The result of nonequilibrium electron kinetics is
easily seen in these figures. The electron density initially decreases
tecause the electrons are rapidly accelerated awey from the ccthode.
Just before they have yained sufficient erergy for ionization, their
density reaches « minimum and begins to increase. The fact that by
rid-cathode fall the field has also decveased subs.sntially &1 uws the

electron density to increase. Similarly the positive ior density in-
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creases away from the cathode since there is very little fonization
cicse to the cathode and tihe positive icns are beirg accelerated towaras
it. Althouch negative i1ons are present throughout the cethode fall
regior in figures ¢/ erd 28, their censity 1s generally much too smai’
to affect the net space charge to any siunificant degree. Note that the
negative ion density is more than four oraei« of magnitude smaller than
the pusitive ion density. The poesitive icr density actually determines
the slope of the tieid throughout the cathode fall. The magnitude of
the electron densily approaches that of the positive ion density only
after the negative glow is reached or, in these examples just prior to
the anode. Equilibrium is never reached in these figures because a
slightly bimoaal electron distribution still exists at the arode.

Since the cathode fall voltage decreases &s HC1 is adcec, the ions
arrive at the cathode at a lower velocity. Similarly, the electrons are
rot accelerated away as cuickly, sc toth electrorn and positive ion dens-
ities 1ncrease near the cathode [20% and 87 respectively for up to 5%
HC1). The oppusite trend car be seen in Figures 26, 27, and 28
near the cathode gicw-negative ylow boundary (1.5-1.75 cm). The elec-
tron censity increases as a function of HC1 in this region due to the
ircrease in the ionization coefficient closer to the cathode. Since
the field is lower in this region anc the ionization coefficient is
lower, the positive ion density decreases as the percentage of H(1 is
increased, which 1n a self-corsistent (or interrelated) manne, causes
the cathcee fall regien to contract.
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Argon

The resutts for Av/HC] mixtures are summerized in Table 5
as was done for previcts mixtures. As in He, there is a wide range of
values for SF(v, k,) in Table & for Ar. The ounly other nonequili-
brium data available for Ar is that cf lono (Reference 60) which was
rot entirely self-consistent. The lack of selt-ccreistency of his
method was discussed earlier in this Sectior. Also, he had assumed the
positive ion drift veliocity was proporticrai to the field. This
assumption is only apprupriete in the luw field region, i.e. E/p<
60v/cm-torr. Note that as in He mixtures the <scalina factor SF(v, k+)
remains almcst constant as the concentration of 'Ci increases.

In contrast to He mixtures, there is a negligible effect or the
electric fieid in the cathode fall region when up to 5% HC1 is added.
This can be seen in Figure 29 and these results agree with the CGlLOW
mocei. This electric field distribution throuoh the cathoae 1all cor-
responcds to approximateiy a 1€4v potentia! crop across the cathode fall
region. Witk 1% HC1, the dfference ir total icviratiun is too small
to have any ubservable effect on the electric field. The ionization
thresholds for Ar (15.7eV) and HC1 (12.7eV) are much closer than for He
anc¢ FC1. This difference is too small tc be observed in Figure 3C in
the Townsend icrizat on coefficiert. With 5% HCi, there is sufficient
KC1 to increase the iorization rate about 1.6% throughout most of the
cathede fall region. Figures 21 and 32 compare the T-wreend iuniza-
tion and attachment coefficients as &« function of distance for 9¢/1 and
95/5 ccrcentraticns in Ar/RCT.  As in He/hCl mixtures, the attachment
rate is larger then the jonization rate only for a “ew electror celli-
siors ciose to the cothode where the electrons have irsufficient energy
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for joryzation.

lMcures 33 and o4 display the electrer ond negative ijon current
densities as a functier of distarce and concertration of HC1, Again
very litlle <harge 1s observed 10 thic ¢ lectron current density <ince
the change in HUi cencentration haa only o rinor effect on the ioniza-
tion ceefficierts in Figure 30. The eiectror current density stays
constant as the electrens are accelerated up te the ionizaticn poten-
tial. Acair the negative ion current density ‘r Figure 24 is (harac-
terized by a very steep onset tollowed by & <lightly faster than expo-
nential growth through most of the cathode tali region, Even though
the regative icn current density incresses with HCT concentration, its
contribution to the total discharge currert through the cathode fell is
~t11] realigible.

The same norequilibrium phenomena that occurred in He mixtures in
the rurber densities can be observed in Ar mixtures in Figures 35, 36
and 37. The positive ion density increases ir the direction moving
away trom the cathode, while the electron number density initially
decreases.  The number of negative ions is more than two orders of
veagnitude <mieller than the number of positive icns, and actually their
vensity does rot begin tc grow exporentially until the cathode fall
begins to mevye into the regative glow.

Since there 1s very little difference in the tields adjacent to
the cathode, there is very iittle difference in the electron anc posi-
tive ior rumber densities in thic region. The positive icr density is
<1711 severel crders of magnitude larger than the electron arc negative
ion densities and thus ceterniines the slope ¢t the electric field.

Only in the last third of the cathoae fali iength (.5-.75 cm) is there
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a charge when Figures 35, 3b, oenc 27 are conrpared. As in be/HCI

mixtures, the electron number censity increases ard the positive ion
number uensity deoreases but to & lesser cearee since there is ie<s

ckange in the icwnsend icrization coetficient,

Xenon

The results Tor Xe/HCl mixtures are surmarized in Table 6. ‘here
is very litiie data ior comparisor, ir he. The cathode fall volitage VC
«rd length dC are sensitive functiors @ the seccudary emission
coeftficiert Y. The vaiue of (= .004 was chosen not to compare with
an iron cathcde but to be eble to compare with the ecuilbrium results
ct the GLOL code which were compared with Warc's aata. Ever though
this velue of ¢ is Tow, it can not tctally acccunt for the lirge

discrepancy between theory and experimert in SF(Y,k The main scurce

wie
ot errver is probably in the value used for k . The value of k _ was
cbtained trom Ward (Reference 92:0791) who sublectively 1it Fquaticr 74
to experinental data. He made rc systematic effeort to obtain the best
parameters. In acddition, onily the first ternm in Equation 74 was used
by the SFEATH mocel. In effect, a smaller pesitive ijon drift velcaity
would recuit in a stecper slope for the electric field., This also
weuic tend to rake pdC and VC stieller. The minor variaticn in 5I(y,L+)
in this author's vesults is due to round off and extrapolatiun crrers
i i;dc ard VC.

[n contrast to He ena Ar mixturcs. there it ¢ slight increase in

*ke electric field in the cathode tell region when up to 5% RC1 s
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o cadec . Tb s trend ¢ te field <hirtting vertically car o Jecn in iy
uwre sb. It resulte 31« slight nerease ir the voltage which is sunm-
tavized in Tabhle c. ihas trend i< also the -ame as in fagure 13 fro
the G CV orceel. Shighily higher fie uds dare rectived te cttain the sare
ret vonisation mear the cathode,  his resulty inoa untiorr vertical
shitt 1 e electr ¢ field throughout tie coathode fell region, hote
that oven though *he freld i+ shifted to sliuhtly hicler vaiues, there

ic v cbservabie charge e the jontzaiicn coefticient 1n the cethode

fall recron as itiustrated ir Figure 3Y. Aga’r cnly near the mininum
tiele reaion in the regative glow is a differcuce obsevved. Xe/RC!
Mixttres are urigue 1n that beth constituents have almost the sclie
orization petential (12,74 for HCY ara 12,13 tor Ye) and similar cross

se. T o neenitudes. 4 owescriptior of these cross sectiars coccurs in

.

YT
A

Eprendix (. Thus the siight experciun seer here is probably due to the

+

forlation  * necative iors close to ihe cathode where there is ¢ peak

it thie attachrent rate. £ luss ot electrons ciose wu the cathoede Js
~imiiar tc “he effect ut reducing the secondar: emission ccefficient of
the cottode. A decreese in v cinflarly rest’ts in a higher cathode
tar . v 'tage. However, the <lcpe of the electric fiele stays the sane
cevetse the peaitive jone 131 domiraie the otler number dercaties,
whus the “rend of the Theld shiisre verticelly with an ircrease in
SOtk vl O e expected to cortinue tor tavder concertretions ot L]
ose. dr tho o tudy the pooaiive ion velecity of Griy the rarve cés
vo o anciaeeds For X /FO pixture. . the addit on ot HUl wou . d tend teo
rereasSe e (veran, o0 3tove dor Jriit veioci . This wotla resu!t n
a thabicwer ~lope  F the cvectric field ard o “w wer expansion ir A
picteen A0 are LT compare e Townsere Sorazatiol ond attachmernt

icl

e el e wl el el el S . = .
S e N T e A
W Y RSP T ST Y0 P TR W Ly T Y SV




. SAUILLX I 1DOH/9H NI INAIDIJd40D NOILVZINOIL aNd SNMOL 40 NOSIYVdROD 6¢ wx:m:
(W) 3oNgLSTd
1 Ge" 25" Gge* %

T\+4_,JD

-4
PR T

PRrgogrT T .

PN W

AN3IGNMOL  TE10L

MOILEZINOI
123

(wd/1)




1 ™
W-. ...-L
r, oA
3 .
s

3 1OH/3X 1/66 NI INdID144300 LNAWHOVLLY (ONV NOILVZINOI 40 NOSINVAWOD p Sunbis .

4 e
] (wd) 3ONHLSIO 4
._ 2 1 % J
1 —,\l.\ - — r— B ZuSnnmtiatat k1 Ty ~ - T B e L -V & ﬂ

N . Wl ]
: [ —A |
S R / :

s \ T ]
L, IcwWYIRIIY ]
| i :
w.

b,

: 4 Al

AU VIE WP W - W

3l

o~ <r

— o~ 4
. N - .
- oX %66 183 i
b : - E
1 "4
ﬁ |
p . IA
, uo|jezjual \.\ ]

. _ ——— . «&ﬁ
¥

M . . . -’N‘
e
RPN




[OH/3X S/S6 NI INA1D144400 LNAWHOVLLY QNV NOILVZINOI 40 NOSIYVAWOD [7 24nbiLjg

(w3) IONULSIA
e’ [ %)
- v —~ — — ~ - v T M v ” mmﬁ
|
—— X ——-— / _J
o:!.:u-:cﬂ vl
L
I
.
‘ 1 8! ww
oX %56 [
;]
uajyRzjuo] \
/
— e - . . - e ———— 1 a1l
1
i
§ R
"3
:

g L e e - N - .. .-
® .. . S UYL v Lttt
Lo . . f . . R R . . » . : . R
P Ow ro PRI e 1 - ) a2 s « m..” IR L
e 'ala a2 2 2 2 a'a'ala




ety oy
L.

t
e 4
e

W s
CRE
"

f {\' f‘l.

coefficients as a function ot distance for ¢9/1 and 95/5 concentrations
in Xe/HC1. Again the attachment coefficient is much smaller than the
ionization rate throughout the cathode fall region except immediately
in frort of the cathode. HNote that the region where the attachment
coefficient is greater than the icnization rate is smaller in Xe mix-
tures than in He cor Ar mixtures. This is due to Xe having a lower
ionization threshcld than the other buffer gases. The first peak in
the attachment coefficiert is a result of the slow electrons leaving
the cathode and the second peak is a resuit of the formatior of slow
electrons that have lost their energy to excitation or ionization. The
first peak has the effect of reducing the secondary emission coeffic-
ient of the cathode,

Figures 42 and 43 display the electron and regative ion current
densities as a function of distance and concentration of HC1. Very
Tittle change: is observed in the electron current density until near
the cathode glow-negative glow boundary. Here the electron current
density is observed to decrease instead of increasing as a function of
HC1 concentration as in previous rare gas mixtures. This is another
exanple of the effect of attachment in the cathode fail region. Even
though the negative ion current density in Figure 43 increases signifi-
cantly with HC1 concentration, its contribution to the total discharge
current is still negligible.

The same nonequilibrium phenomena that occurred in previous rare
gas mixtures for the number densities can be observed in Xe mixtures.
The results are illustrated in Figure 44 through 46. Again the
trends of each of the number densities is similar to the trends seen

before. The positive icn density is still several orders of magnitude
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larger than the electron anc negative ion densities and thus determines

the slope of the electric field in Xe as weli. The number of negative

1 ,-
RN
LN

iocns is more than three orders of magnitude smaller than the number of
positive ions, and actuaily their density does not begin to grow expo-
nentially until the cathode fall begins to merge into the negative
glow. As in Ar, there is almost no difference in the number densities
of electrons ard positive ions adjacent to the cathode, since the field

changes only slightly there when HC1 is added. As in Ar, only in the

-y LYY, LI A S
e e Ay s o,
- S S

last third of the cathode fall length (.45-.65cm) do the number densi-
ties differ as a function of HC1. This is a result of a change in the

ret ionization prior to this region.

g

FI In summary, we have examined three cases represented by He/HC1,

Ar/HC1 and Xe/HC1 mixtures. In all three gas mixtures, there was a
peak in the Townsend attachment coefficient as a result of electron

Pl nonequilibrium. However, throughout the cathode fall region the posi-

r:i tive ion density dominates the other charge densities and so determines

the slope of the electric field even in electronegative gas mixtures.
He/HC]1 mixtures were characterized by a significant contraction of the
cathode fall length and a decrease in the cathode fall voltage. This

was a result of the HCl1 being easier to ionize than the te. As a

- result of HC1 having a lower ionization cross section threshold than

?E He, the threshold for the total Townsend ionization coefficient shifted
&E closer to the cathode. There was a negligible effect in the electric
@! field, cathode fall lergth, or cathode fall vcltage when HC1 was added
;; to Ar mixtures. The Townsend ionization coefficient did increase

{% slightly with the additiun cof 5% HC1, This is because the jonization

rate is very sensitive to the gas species and the shape of the electron

132
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energy distribution function. In contrast, in Xe/HCl mixtures, the
electric field, cathode fall lergth, and cathode fall veltage increased
slightly, protably as a result of the nonequilibrium electrons being
attached to form negative ions in the primary dark space.

In conclusion, the formation of negative ions in the cathede fall
region does not lead to a contraction of the sheath. The contraction
that is often observed and that was seen by Emeleus and Sayers, was
actually due to an increase in the ionization efficiency of the gas

mixture when an electronegative gas is added.
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SECTION V. COMPARISON CF RESULTS OF THE EQUILIBRIUM
AND NONEQUILIBRIUM ANALYSES

This secticn cunipares dand contrasts the GLOW and SHEATH medels.
First, their equations ana assumpticns are bhriefly reviewed. Second,
the results from these models are compared. In order to determine the
influence of nerequilibrium without further complications due to nega-
tive ions, results for the pure rare gases will be emphasized. These
results include the electric tield, Townsend ionization and attachment
coefficients, the electron current densities, and the charged particle
densities. The trends predicted by both models are summarized along
with a criticism of each technioue on jts applicability in the cathode
fall region. Finally, the applicability of each model to the ancde

region is discussed.

1. REVIEW CF BASIC ASSUMPTIONS

The GLOW and SHEATH models are founded con two entirely differert
rethods for describing the kinetics and fields in a glow discharge. As
described in Section III. the GLOW rodel is based cn a self-consistent
solution to a set of equilibrium equations: Poisson's equation, the
hydrodynamic current coritinuity equations for electrons and negative
ions, and the current conservation equation. The SHEATH model des-
cribed in Section 1V is based on a solution of the Boltzmann transport
equation for electrons as a function of distance coupled with Poisson's
equation and the current conservation equation. The equations are

listed in Teble 7 for comparison. The fundamentel difference behind
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these equations is that tre glow model assumes the electrons are in

equiiibrium with the field, whereas the SEHEATH model does not. Arother

. PRI .o
AN a
A R
P P

difference exists in the negative jon current contiruity equaticns.
Negative ion losses due to ion-ion reccmbination were not included in
the SHEATH model because recombination was tound to be very small in
.. the GLOW model. Since both methods are describing the same discharge,
the boundary conditions in Table 7 are almost ijdentical.

In. addition, both methods predict resuits that appear to scale
according to Equation 74. In the equilibrium model, limited data
was taken at 10 and 100 Torr to check the pressure scaling. There was
also good agreement with other theoretical deta when the same value cf
the secondary emissicn coefficient and the same relationship of the
positive ion drift velocity to the electric field was used. In the
nonecuiiibrium model, the scaling factor in Table 4 for 1060% He

agreed very well with the Monte Carlo results of Boeuf, et al. (Refer-

ence 21). Scaling agreement of both niodels can be expected because
both models support the essumptions used in deriving Equation 74, which
are:

a. Positive ions dominate the other charged particle species
through most of the cathode tall and therefore determine the slope ¢f

the electric field.

;?~ b. The pesitive ion driftt velocity is proportional to the sauare
E root of the electric field at high tields.

F‘ C. The electric field can be approximated as & linearly decreas-
:f ing function through mo<t uf the cathode fall region.

i:; Pespite the differences in assuming equilibrium or not assuming

equilibrium, both models scale apprcpriately and predict the same
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trends in all three gas mixtures.

2. COMPAKISON OF RESULTS

Comparing the results of the CLOCW and SHLATH models fromi Sections
111 and IV respectively indicates that both methods do predict the same
trends for each gas mixture. In He mixtures buih medels predict a
contraction of the cathode fall with the addition of HCY as seen 1n
Figures 5 and 2C. Data from both models indicate this contraction is
due to the more etficient icrnization of the HC1 in the mixture, rather
than the formation c¢f negative iouns in the cathode fall as was specula-
ted by Emeleus, et al. (Reference 42). Similarly in Ar/HCl mixtures,
both methcas agree that the addition of up to 5% HC1 has an insignifi-
cant effect on the cathode fail field or voltage. This can be observed
in Figures 9 and 29, In Xe/HCl mixtures a siight increase in electric
field as well as voltage drop across the cathode fall was predicted by
both models. This increase can be seen in Figures 13 and 38. Data
from both metheds agree that this field enhancement is due tc the loss
of electrcns to attachment near the cathode, although this 1s perhaps
most easily seen from the theory described in section, "New Equilibrium
Analysis ot the Cathode Fall Region including Negative Ions" in Section
ITI. This loss of electrons to ditechment close to the cathode is
arelogous to reducing the electron secondary emission coefficient.

Figures 47 through 4y coripare the d*stribution of the electric
field through a discharge 1or He, Ar, and Xe. In each figure, the
slope of the electric fields are approximately the same as ¢ result of
the same fielc retationship being usea for the peositive iorn critt
velocity. Aisu, the resvlts of the SHLATH modei are consistently

157




ﬂ. oy
. L
3 ..‘
-
g
3 ol 0UD &l S4U0D HLVAHS UNV MOL9 WOdd SUIEId DIWLOETd 40 NOSIUVAWOD S :
w () RIONN < DRSPH !
S _ )
. . : -
= T T T " 4 y T ’ . — 2 h
A g
-.. / &
Ry _
A // | L
¥
3 1 2a1
¥ AN no9 ]
- . A “H.- t
: N \ e §
3 / N . Q “
W. l/ B ‘.‘
-v / / 1 ,n
3 \ 1 o -]
. N \ 3
L, \\\\ " - i .
A S 1 o 1
u yreays N
)
\ =
//, s
J\J b
3 n «\.Cm W ]
| 4
” 4 g ;
-.. OI wn@&u ;
| E
_ L
s’ ...L
h r
y j ..L
R 4
r .
b ;




M

- -

-

S S R

-

™

A

T

T TR W

Aduthd

Al st Sad Sad gt

TeT Yy

T

™Y

BRI

~

1y 2001 NI S4d0D HLVAHS UNV MO'13 WOdd SQT41d J3IULDOdTd 4O NOSIYVAWOD 8Y 34nby 4

(W3) 3INJLS 1O
2" 1 8" b 0
. S — S —
///////
/l
/ N\
/ / no (s 7
\ //\
\ |
\ \
VA LS <« N
AN
i %381 /

%

(5152

B
m
g}
—
A

i
O




1

)
r- . \*
4 !
3 dH %001 NI S4d0D HLVAHS ANV MOTD WOdd SATAIA J1dLDITd 40 NOSIHVAWOD 6v m;:m.rm ]
: (W) aoHY.SIG "
: et ol Ger e ]
: r - v T v T v v r ~ T ——— T Y ~ - ~— <) o
S "
— s
hu l’/ < ....~~
3 // 4 . 1
! AN |
5 J
- 1 eae 5
2 1
m. 4 4.._
, ) ] g
’ mo _m.u_
. 19 4 9 Y
p’ Q ]
4 .«u -
. 1 gar - g
- = :
. m - N
o * A
v»- ..m
, v 3
A “~
g J88 9 .
3 - |
b w ’
- . 3 0
ﬁ 34 %481 -~ .
g E
3
'- r

Y

L ghas aas nale 4
. Ll




A dhart et Jhan St e e T P Y

NBaB IeiTin Ak S 2 s Jat el Aetiinis it Ant enciad g v AN A At it iat it Sat i aCa AC AR AR AN

— ——y
LR e N AT - o
. PP el e

P - - . PR

higher than those of the GLOW model urtil the field begins to merge in-
to the negative glow. This is a result of the nonequilibrium behavior
of the electrons near the cathode. The best agreement is obtained for
Xe ana the worst *for He, since the electrons have shorter mean free
paths in Xe than in He and thus spatially reach equilibrium earlier.

The Townsend ionization coefficient for each mcdel is plotted in
Figure 50 alono with the electric field calculated by the SHEATH model.
These coefficients were calculated for the given electric field using
the equations in Table 7. As can be seen, the plots for these
coefficients are not the same shape due to the ronequilibrium electron
behavior in the cathode fall region. In the SHEATH model, the elec-
trons require several mean free paths before they reach the ionization
enerygy and can begin to muitiply. This spatial delay in ionization
results in a higher cathode fall voltage and higher field at the
cathode. The iounization coefficient predicted by the SHEATH mode!l
actually lags the field, ie. the rate is low where the field is highest
and then overshoots and is high where the field merges into the nega-
tive glow. The GLOW model assumes the electrons to be in equilibrium
with the field and thus predicts the highest ionization at the hichest
fields adjacent to the cathode. The cathode fall voltage required to
produce sufficient ionization for the discharge maintenance condition
(Equetion 1) is correspondingly lower for the equilibrium model than
for the noneqguilibrium medel.

The Townsend attachment coefficient for each model is similarly
pictted in Figure 51 along with the electric field calculated by the
SHEATH niodel. These coefficierts were calculated for the given elec-
tric field using the equations in Table 7. Again the plots for these
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coefficients are not the same shape cue to the nonecuilibrium eiectron
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e behavior ir the cathode fall. The electrons clcse to the cathode have
a low energy and undergo several collisions before reaching the ioni-
zation energy of the gas. This results in a large peak in the attach-
ment coefficient close to the cathode in the results predicted by the
SHEATH model. The Towrsend attachment coefficient predicted by the
SHEATH mcdel actually leads the field, i.e. the rate is high where the
field is highest and then undershoots cna rises again where the minimum
field merges into the negative glow. Note that the attachment coeffi-
cient predicted by the nonequilibrium model is more than an order ot
magnitude smaller than that predicted by the equiiibrium model except
immediately in front of the cathode. Thus the ionization and attach-
ment coefficients predicted by the ecuilibrium mcdel do not represent
at all the actual spatial distribution of the coefficierts predicted Lty
the SHEATE model.

The growth of the electron current density is portrayed for each
of the rare gases in Ficiuires 52 through 54, The GLOW model consistent-
1y predicts a faster rising electron current. This difference is again
a result of the nonequilibrium behavior of tre electrons close to the

cathode. The electrons first have to ke accelerated to the jonization

potential of the gas before they can begin to multiply. This causes
the electron current density predicted by the SHEATH mocel to lag the
current density predicted by the GLOW model. 7o rake the ecuilibriun

rnodel agree ricre closely with the nonequilibrium nodel, Tran Mgoc, et

al. (Reference 86, hove suggested that the nean electron energy anc the
- Townsend ionizetion coefricient be related thrcugh an energy balance
- - eauation., This yielded gocd agreement with their nonequilibrium
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jonization coefficient calculated by a Monte Carlo technique. Simi-
larly, relating the Townsend ionization coefficient to the mear
electron energy should also predict a slower rising electrcn current
density more closely approximating the nonequilibrium results.

At the cathcce tall-necgative glow beundary which is annotated by
x=dC in Figures 52 thruugh 54, the electron current density was about
90% of the total discharge current density (887 fcr he, 89% for Ar, and
a5’ for Xe in the SHEATH model; 85% for He, 85% for Ar, and 86% for Xe
in the GLOW model). This implies that a larger positive ion current
density exists at this boundary than at tha Faraday dark space-positive
column boundary. As a result, positive ions must be formed in the neg-
ative glow by electron collisions from the few remaining fast electrons
that have managed to be accelerated across most of the cathode fall
region. This supports Druyvesteyn and Penning's (Reference 38) hypo-
thesis and Ul'yanov's (Reference 87) calculations indicating a signifi-
cant number of positive ions do enter the cathode tall region from the
negative clow. Thus, Von Engel and Steinbeck's (Reference 90) boundary
condition that the positive ion current cdensity approaches zerc at the
cathode fall-negative glow boundary is not a good assumption,

Another example of the inability of the equilibrium model to
describe the ronequilibrium behavior in the cathode fall region is
shown in the plots of the charged particle densities in Ficures 55
through 57. There is goca agreement between the nethods on the posi-
tive ion density near the cathode. The GLCK results aqree within 13%
for He, 6% tor Ar, and 5% for Xe of the positive ion density predicted

by the SHEATH mode! at the cathode. 1his agreement in pgsitive ior
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density results in the electric tields being almost parallel in Figures
47 through 4S. however, not as good ayreement is obtained as the cath-
ode ta\1 transiticns into the regative glow region. This is due tc the
different rates ot growth of the electrer censity. The GLOW method
consistently predicts an electrcn density that is hicker than the
SHEATH method even close to the cathode. At the cathode where the
electron current densities agree for both methods, the electron density
calculated by the GLOW method is iarger thar the SHEATH results because
tre electron drift velocity calculated by the GLCK nodel is lower than
that calculated from the distribution function in the SHEATH model.

Tre difference between the ¢iectron number densities calculated by the
CLOW and SHEATH models does not aftect the slcope cf the fieid until

-4

(O3]

near the negative glow reygion because the electron density is
orders of riagnitude less than the positive ion censity. As e result,
the equilibriun theory is feund not to be capable of describing the
particle densities as a function of distarce through the cathode fall
region. Through adiustment o1 boundary corditions such as the
secondary emission coefficient and the electron drift velocity at the
cathode better agrecment with experimental results could probably be
obteined, but it would still rot represent the actual nonequilibrium
Linetics involved there,

The wacroscopic parameters such as discharge current, cathoce fall
voitege and length, and electric field each contain one or more aver-
ages or integrals cver the electron distribution function. It was
thought that these integrals might tend to dilute the effects of

nonequitibrium or these macroscopic parameters. Thus good agreement on

these macruscopic parameters should be crpected between the CLCW and
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SHEATH models. This was found not to be the case. Table & summarizes
these macroscopic parameters for the GLCW and SHEATE models. The
voltage and thus the electric tield at the cathode are determined by
thke net multiplicaticn of the electrons as they cross the cathode fall.
For an electrenegative vas, Equatien 2 for the multiplication of the

electrons becomes

M = exp jic(,,,,(x)-n(x))dx (103)
0
; ' From the results of the nonequilibrium analysis in Section IV, the
%;; attachment coefticient is always much smaller than the ionization
_. coefficient except immediately in front o7 the cathode. The attachment
Ei rate for the cases examined was only a small perturbaticn on M in

Equation 103. This also agreec with the recults presented for Xe/HCI
mixtures where the ionization coefficiert effectively did not change as
a function cf gas mixture.

Returning te Figure 50, the area under the jonization curves are
different tor the GLOW and SHEATH niodels. The GLCW model assumed the
electrons were in equilibrium with the field and results in the elec-
trons being able to ionize imnediately upon leaving the cathode. The
SHEATH model allows the electrons to not be in equilibrium with the
field. According to the nonequilibrium theory, several electron

collisions cccur before the majority of the electrons have attained the

energy necessary tor ionizatien o7 the gas. Thus the norecurlibriun
model predicts a higher cathode fali veltage than the equilibrium mode]
in order to meintain the same net multiplication.

fnalyzing this through the mathematical relationships, the slope

1583
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ot the electric ti1eld is determined by the mobility (k+) of the posit-
ive 1ons through Poisson's equation. This is because the positive ion
-~ current density at the cathode is determinea by the bourdary conditions
\ 4 at the cathode invelving the secondary emission coefficient and the to-
tal discharge current density. The length of the catbode fall is de-
termined when the multiplication of the electruns is sufficient to
maintain the discharge and equals 1 + 1/Y(Equation 1). The slope of
the electric field and its extrapolatea x-axis intercept (dc) then de-
termine the voltage for the cathode tall, Thus the difference in the
macroscopic parareters in Table € is a result of the nonequilibrium
character of the electrons which aiters the icnization coefficients
from those predicted by the equilibrium (GLOW) model. Thus ary agree-
ment of the equilibrium method with experiment is entirely fortuitous
as von Engel suggested (KReference 89:2¢4).

The scaling factor SF(\,k+) listed in Table & should be identi-
cal for both the SHEATH and (LOW models since they both used the same
secondary emission coefficient and same field relationship for the pos-
itive ion drift velecity. The slight differences in the data between
the models are primarily cue Lo extrapolation errcrs in determining dC
and to round off errors in dL and Vc'

Although the inability of the GLOW model to describe nonecuilibri-
um effects accourits for most of the disagreement in the preceding
figures and in Table 8, another tactor affecting the ayreement ¢f the
two methods is the use of two ditferent data bases. The GLCW model
bdases its electron kinetice cn curve fits of empirical data for the
Townsend ionizetion and attachment coefficients. These coe‘ficients
are norrally derivea from drift tube experiments where & swarm of elec-
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trons drift between two electrodes ind are in equiiibrium with the
field. The SHEATH model on the other hand buves its electron kinetics
on scattering cruss sections. Under ideal conditions both determina-
tionsof «,either fror dritt tube experiments or <ross sections, should
be consistent. Some c¢ttempt was rade in Appendix € to correlate the
sely ot cross sections used, with measured transport properties using
an ecuilibrium boitzmann code. 1t was impossible, however, to corre-
lete them over the whole range, since transport date was lacking at
sere high E/p's.  In addition, the equiiibrium Boltzmwann code was limit-
ed to calculations at low and medium tields because it did not include
the newly created secondary eleclrons in the distribution function.
Thus the date bases for L/p's less than about 160v/cm-torr dittered
iess than 20% but for higher E/p values tre difference could be more.

In sunmary, both the SHEATH and CLCW models predicted the same
trends in HeyHCT, Ar/HCY, and Xe/HC1 niixtures and both models scale
according to tquation 74, However, the discussion in this chapter
has showr that the GLOW riodel should not be used to describe any of the
cathode fall parameters. Ir the cathode fall region, the electrons
heve been shewn not to be ir equilibrium with the {ield. As a result,
the cathode fall voltage and length are larger in the SHEATH model than
the GI.Cw model 1n order to compensate tor the nonionizing regior
(Prinary Lark Space) near the cethode where the electrons are being
accelerated up tu the ionisetiun energy of the gas.

This inrvestigatior. of the cathoce fail recicn sets the stayge tor
turther invest gations orv the negative glow. Due tc the slightly

bimodal character ¢t the electron distribution tfunctior at the cathoae
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fall-negative glow bourdary found in the SHEATH results, a nonequilib-

fl rium technique should also be usec to investigate the negative glow.

!l in this regicn, a small number ot eiectrons, that have managed to tra-
verse the cathode fall with one or no ccllisions, lose their energy in
the negative glow torming new electrons and positive ions throuch

~ ionization. In essence, the electron distribution furction is stili

changing faster in coordinate space than it is in velocity space.

3. ANODE FALL KEGION

This section discusses the applicability of both methods to the
sheath region at the opposite end of the discharge 1ear the anode. In
the GLOW model calculations the anode was piaced after a chosen length
of positive column. However, due to @ limitation of memory space the
anode for the SHEATH cases was placed in the negative glow. This cor-
responds to an “obstructed discharge” (Reference 6). The properties of
the anode are very different when 1t is placed in a slightly negatively
charced region such as the Faraday dark space as compared to being in
contect with a neutral plasme such as the pesitive celumn. These prop-
erties are discusced turther below.

The beundary conditions for the anode fall are fairly simple in
the more usual case when the arcde tall and positive column are adja-
cent. Sutficient electrons nust be accelerated acruss the anovde fall
and create sufficient ionization such that the number of positive ions
crossing the anode fall-positive column boundary is equal to the rumber
crossing the positive column-ldaraday derk space boundary,

It "¢ commonly beiieved that each electvun entering the anode fei,

rmust be accelerated to the ionizatien potentia: of the gas. Fach elec-
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tron has te create an ion before stribing the ancde in order to main-

tain chdarge reutrality 1r the positive column, It was found experi-
mentally (data is sunmarized ir References 1 and 6) tbat the anode fall
voltage was usually about the sane mayritude as the iunization poten-
tial, except in electronecative gases. However, it i< also known that
the electrons in the positive column have an equilibrium distribution
of energy, with a few havirg an energy yreater thar the energy eguiva-
Tent to the 1onizatiun potential. Thus the potential is cifferent for
each electron to be accelerated to the ionization potential of the gas.
In additicri, charge rieutrality arc uniform dersity in the positive
column are maintaired by requiring that an iun enter the Faraday dark
space each tire one enters the positive ccelumn from the anode region.
Similarly an electron is required to enter the positive column from the
taraday dark spacc each tine ore leaves the positive column and enters
the anode fall region. Using these arguments, it is not necessary
under ideal conditions for the ancde fall voltage to always be equal to
or slightly larger than the ionization potential.

ihe anode acts likes ¢ probe collectirg the random positive end
regative currents from the positive column and so its area is also very
important. If the arncde area is s¢ small that the negative random cur-
rent 1s less than that required by the external circuit, then a region
ut «pace charge torms o pull more negutive charges from the pesitive
colunr: and make the collecting area of the arode larger., This reauires
a potertial on the order oi the Tonizaticr potential ¢r less, since a
potential ruch iarge: than the icrization potential would tend to
(redate numercus electron-ion pairs reducing the etfectiveness of the
cheath.  PAncae tall voiteoes smaller than the 1cnization potential have
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been observed (Reference 6) using large concave arodes. This type ot
anode reduces the losses to diffusicen and enables more negative charges
to be collected frow the positive column.

The boundary conditions for the anode fall are more complicated
when the anode i< in the Faraday dark space. Near the negative glow
boundary there moy be sufticient fast electrons from the cathode fall
to carry most of the discharge current. These electrons are already of
sufficient energy that little «r no accelerdtion is required for
jonization to produce positive ions. In this case no ancde fall exists
and the field remains almost constant richt up to the anode. As the
electrode separation is increased, the anode fall region must of course
eventually transition into the normal type previously described.
Francis {(Reference 6) claims a normel anode fall develops suddenly at a
critical distance from the cathode lying near where the Faraday dark
space-positive colurm boundary would normally occur. This critical
distance should be appruximately equal to the stopping distance in a
gas for an electron with an energy approximately equal to the cathode
fall voltage,

Other factors described by Francis (Reference 6) which affect the
voltage across the anode fall are:

é) stepwise ionization. Stepwise ionization results in a smaller
voltage since the electrons do not have to be accelerated to the full
ionization potentiel in order tu create an ion,

b) the eiectron current density. This is clesely related to the
anoce ceometry. lncreasing the current density beyond what the anode
can normally carry is tantamount to decrecsing the anode area ard hence
increases the anode voltage. £t high currents, regularly spaced spots
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form on the anode which are vecicns of high conductivity.

c) electronegative gases. Aduing an electronegative gas to an
electropositive gas ray our nmay rol cause the ancde voltage to increase
tur the same reesouns the cethode fall may or may not contract as dis-
cussed in previous chapters, The potential drop across the anode would
depend tipon the parital presstre averaged ionization potential of the
gas mixture in acditiun tu the loss of electrons to negative ion forma-
tion. Gererally, a htigh coefricient of electron attachment greatiy
reduces the ionization efficiency. For example, anode fall voltages ir
the halougens have been cbserved to be several times the iornization
potential.

d) artificially prouduced space charge. Specially coated anodes
which yield positive ions upon electron impact obviously have smaller
anode voltage. If the number of positive ions is more than that
required tor the flux ertering the pusitive column, the tall can be
negative.

¢) proximity of side walis. Changing the distance of the side
walls can change the rate of ditfusion and redial fields which car
result in incredsing or decreasing the anodge fall vcltage.

The ancoe tall in the GLOW code calculations was adjacent to a
positive coluin region. The anode fall voltage n Figures 5, 9,
and 13 were in the range of 1-Zv., These values were determined tu
be the ditterence ir veltage ot (he anode dnd at the minimum electric
frela. ihis is much ciiailer than (he normal ancde fall voitage which
14 or the order ¢ the ifonization potential of the gas. The use ¢f
Ward's formula tur the drift velocity (heterence 92) could lead 19 a

nore correct arcde fall voltage. Since the electric tield near the
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s cathode fall-positive columr boundary 1s less, when Havd's formula is
used, this would also result in a smalier electron current density
entering the positive column. A broader anode fall regior would then

be required tor the electron current density to reach the total

€
s .

n. ¢ischarge current Tinau.  So even though the electric field . adient

would alse be Tess in the anode fall region, the tact that it would be
over a longer distance couid increcse the anode tall voltage.

The anode 11 the SHEATH cclculations was placed in the region of
the negative gylow. Any correlation in the date close to the anode is
indeterminart due to the changing locetion of the ancde in the regative

glow regton. This occurred because the cathode fall width charged |

while the electrude separation was held corstant for each rare gas
mixture.

In aaditivn, the SHEATH coude changes frem constant energy bins to
constant spatial birs very nedr or at the mirimum in the electric
field, At present, this change of variable is not smooth for ali
parameters caleuicted by the code, 50 any predictions by the SHEATH
methioa on the arncde fall wili be held 1n reservation, Thus in their
present contiguration, nedther code properly de<cribes a normal anode
fall region,

In order for the SHEATH model to be able to correctly describe a
rorrigl dnode toil, several new noditicetions would have to be made.
The model could be chenoed to yefiect the bourdary conditions at the
anode 1.ctead of the cathode, su that the calcuiation sterted at the
L anode and proceded towards the positive column,
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j (d) =0 (104)
j(d) +3 (d) = (10%)

This also requires that € (d., j_(d), and the electror cistribution
striking the ancde be known. Potential problems with the point at
which the code changes from equal energy increments to spatial incre-
ments could alsu cccur again, since the energy gained in a mean free
path is much less in the ancde fall. Similarly there would be poten-
ti1sl problems with greater than or less than statements when the sign
conventicn was chanced trom x tc -x.

if @ rew computer syster is installed which has 2-3 times larger,
accessible meniory space, it would alsu be feasible to expand the array
s0 that discharges with jarger electrode separations could be modeled.
This is perhaps the easiest soluticn to modeling the anode fall using

the SHEATH ccde.
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.S;Q SECTION VI, CONCLUSIONS AND SOME
CONSIDERATIONS FCR FUTURE STULY

1. CUNCLUSIONS

In the present study, two very different methods of anelyzing glow

!-. discharges {GLOW and SHEATH) were developed and applied to three dif-
e Terent cases represented by He/HC1, Ar/HC1, and Xe/HCI mixtures. Even
though the two methods did use difterent input data bases tounded on
the prior work of different authors using different experimental ap-
proaches, the results of the two methods had the same trends and both

models scaled according to Equation 74. The following conclusions

are based un the results presented in Sectiors 1il, IV, and the compar-

ison of the models in Section V: J
a) Electrons were found not to be in equilibrium with the elec-

tric field throuchout the cathode fall region. Close to the cathode,

the whole distribution is accelerated up to an energy eoual to the

jonization potential. This predominantly dark region is called the

Primary dark space. Next the electron distribution function becomes

bimodal as some uf the electrons lose their energy to ionization and

excitation. This luminous region is called the cathode glow. In this

region, the majority of the electrons have a mean energy greater than

the ionization eneryy. hAs more and riore of the electrons lose energy

to inelastic processes, the cathode alew merges inte a relatively

darker reaion called the cathode dark space. The enerqy difference

between the decreasing number of fast and the increasing number of siow

clectrons gets laruer os the fast e¢lectrons continue to be accelerated

by the lirecarly decreesing electric field. As the electric tield be-
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comes very snall and aincst constart in the negative glow, the remain-
ing fast electrons rescuble an electrcn beam. They deposit their
erergy in the ¢gas creating many highly excited species which cascade
down and produce the bright luminescence characteristic of the negative
glow region. kS ¢ result of this nonequilibrium, the GLOW or equilib-
rium mecel was found in Section V to be inadequate in describing both
the riacroscopic parameters such as cherged particle densities and ioni-
zation and attachment coefficierts as well as macroscopic parameters
such as cathcde fall voltage, cathode fall length, electron current
density and electric field. A model which allows the electruns to not
be in equilibrium with the electric field such as the SHEATH model or
Monte Carlo technique must be used to describe the parameters in the
cathode fall region. The negative qlow regicn should alsc be modeled
Ly a technique which allows nonequilibrium. The model for the negative
glow however could be simplified by separating the electrcrn distribu-
tion function into a low energy component and a high eneryy component.

b;  Better ayreement between theory and experiment can be ob-
tained for pure gases by e judicious choice of v and k+. Equation
74 can be used to relate 7 ¢nd k, to experimental cathode fall
voltage, currents, ard cathode fail widths. These values ot + and k+
should then be used as inputs in the SHEATH model since the SHEATH
model was shown in Section IV to cbey the scaling relationship given by
Favation 75,

¢} The slope ¢t the electric field in the cathode fall is deter-
wined by the positive jon agercity. If Peisson's equation is written in
terms ot the ratioe ¢t the charged particle current den<ity and dritt
velocity, then the slope of the field close o the cathode is deter-
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mined by the mobility (v ] ot the positive icrs. The posttive ion cur-

" L

;? rent density is constant ¢lose 1y Lhe cathude and is determined by the
!l total discharge curvent density ¢nd . The Tergth of the cathode fall
¥¥ is determined Ly the mainterance condition for the discharge involving
E: the multiplicatior ¢f electruns ihrough the cathode tai! (Equaticrs 1
F. and 103). The slope ot the clectric f1eld and 1ts extrapolated x-axis
% intercept (dL) ther determines the voltage drop across the cathode fall
E region.

d) The forwation ot sepall amounts (n_ < "e) of negative jors in
the cathode fell region was found not te be the reason that the cathode
sheath length contigcts in the axial direction. Actually, the forma-
tion of regative 10ns cdauses the cathode fall voltage to increase
slightly which in turn results in a slight increase in the cathode fall
lTergth. These trends could be seen in the results of both the equilib-
rium arc ronequilibrium andalyses in Sectiorns 111 and IV.

e) Wher an attaching gas which hes @ low ioriization potential is
added to he or Ne, the chserved contraction ¢f the cathode fall lercth
was found te be due te er increase in ionizatiern n this region. This
ircrease in tonization i< ¢ result ¢f the lowering of the jonization

threshold and the ditterence in cross <ection shape for the twe gases

1n the nixture,

f) The SHEATH mettod which aliowed the ¢lectrons te rot be in
eGuilibriun with the fieid precicted o Towncend attachmert coefficient
which contaities a peak ot the cathode, reached o ninimum at the region
where the electror voan enerygy ond Townserd iunization peaked and then
grevi eqain as the tield as well as the electron mean erergy decreased.
ihue the cathode fail 1n ae e ectronecative gas mixture was found to be

ith
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characterized by o thin regicr cluse to the cathede in which attachment

dominated, tullowed by ¢ region in which jonizaetion of HC1 dominated
the ionization of He or Ar but nut Xe, befere uniform jonization of the
mixture Legan,

g) The positive ion current dersity at the cathode fall-negative
glow boundary was feund to still contribute a significant amount
(5-15%) to the total current density. Thus the boundary conditior that
the positive ioun current dertity appruaches zero at this voundary is
not a good assumption.

Although this analysis was mainly concerned vith modeling phenome-
na in the cathode fall region, the conclusions d and e above could alsoe
be applied to the anode tall region. In contrast te the cathode fall
region, the negative charge density is nuch Targer than the positive
charge density in the anode fall recion. Thus the width of the anode
fall would depend on how fast the electrons are accelerated to the
jonization potentiel. Thus the relationship of the electron drift

velocity tou the field is more important in this region.

2. THEORETIUCAL CCNSIDERATIONS FOR FUTURE STUDY

In the course c¢f this study several areas can be identified which
warrant further theoretical investigation:

a, Since jonizaticn ot HUI caused the cathoude fall te contract
in He, turther study ¢t the ettects resulting from changine the ioni-
sation crosc-section would he of value, Both changes in the threshold
ana initial slepe ot the cress secticr should be examined to see which

affects changes ir the cathode sheath struecture the nost.

{ b, A jarameter napping of the <econdary emssion ccefficient and

b
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positive icn mobility (wa is recommended. This has not been inves-
tigated using nonequitibrium techniques,

¢; Using the present results from the cathode fall as inputs,
the nonequilibrium method could Le used to investigate the negative
giow-Faraday devk space rvecion providea the fieid does not go regative.

d)  The linear analysis presented ir this study can be expandecd
to describie the kinetics in agifterernt electrode geometiies represented
by thyratrcrs, pldsig reactors for depositing thin films, or hollow
cathode discharges.

e)  The results of this study can also be epplied to understand-
ing the field variatiors and charged particle ¥inetics in striations.
Different beundary conditions would be required for striations. The
chdargea particle den<ities on each side of the striation would replace
the toundary counditione on the current aensities at the electrodes.

t}  Hot cathodes coula be wodeled using either the GLOW or SHEATH
techniques. Pecause the acceleroting voltage is less in the cathode
fall, there should be d smalley deyree or nenequilibirium.,  Thus the
GLOW 1rodel should give much bhetter agreepent in this case. In addi-
tion, the botindary condition at the cathode relating the pesitive ion
te the electron current deprsity weuld have to be replaced by a single
source of electrors,

Yy Lue te i red computer storace space, the only electron col-
Hsion pracesses Caloulated as funcnions ot distance were the ionize-
tiern and dattachment coettocients. further investigation ¢f the other
excitaticr. coetticients and coefficients for vibraticral excitation
would be usetul to complete the understanding of the zathode fall re-
Liun,
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h) Operation of the SHEATH code would be much more efficient as
well as convenient if a numerica) technigue were added to converge to
the lowest value cf EO for which o complete scolution exists, before the
field is iterated tor consistency with the ¢lectron distribution func-
ticrn.  This technique could bte similar 1o the modified interpolation
technique which was lsed in the GLUW code.

1) lsre detailted iun kinetics options weuld make the SHEATH model
more universal. Electron-i1on, and ion-ion recombination, detachment,
and two step icrization cou'd be added such that the ion or metastable
densities could be updated after each calculation of the electron dis-
tribution function for a seif-consistent solution. Recombination and
detachment will be nwore important in the negative glow and Faraday dark
space. These processes can not be incorporated in the present GLOW
odel because they are nonlinear with respect to Jo-

J) Cathodes can be cuated with special films which emit negative
ions. Further investigation of the effect of a cathode as a scurce of
negative ions on the cathode tall voltage and width would be interest-
ing. A further increase in voltage and perhaps width of the cathode
fall should be anticipated according to the theory in Section III if

necgative ions are released &t the expense of electrens,

3. EXPERIMENTAL CORSTDERATICNS FOR FUTUKE STUDY

Several experimental topics have also heen identitied in the
course ot this study which warrant further investigation. At present
the first ftwo tepics dave beiro pursued.

a) No experinental evidence could be feund for the nor-contrac-
tion ot the cathode tall in mixtures ot Ar or ¥Xe with HCT or any other
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attaching gas. A small advscharge wube is pre<sertly under constructicen
in the Plasma Fhysics Grocp (AFWAL,10CC-3) whick will allow confirma-
tion of this phenonieriern, A mass -pectrometer will be used to monitor
any charige in the nectral particle chemistry.

b) Tt is now pussibie tu corsider meastring the eectric field as
a function of c¢istance thrcuyh the cathode fall region. Some potential
techniques are rnon perturbang Loppler-fiee laser polarization, Doppler-

free spectroscopy, or Stark induced mixirc i ditferent parity levels

in an excited moleculdr electronic state.

¢) The encrgy distribution of the electrons could be measured in

f - an cbstructed discharyge by sampling the electrons through a small hole
!?E in the anoce. These resu'ts could then be compared with theory.
P

d)  Similarly the eneryy distribution of the positive ions could
he sampled through a stall hole 1n the cathode. Both major ard minor
tons should be sampled because of the differences in charye exchange

cross sections., oy rxrowing their energy dand charge trénsfer rates,

their urigin in the cathode tuirl or negative clow could be deternined
and checked with theory.

e) Laser induced fleorescence could be used to search for tast

neutrai tiolecules which would be an indicatioun that charge transfer has
vccurred,  Tnis technique voevid compl ment those cescribed in ¢ and d
above and could be cccemplishec sinultanecusly.

1t ic boped thet thas study hies provided ¢ Letter understanding cf
the cathcde tali anc the influence of negative iens in this region,
The generic rvecults of this study cen be applied tc excimer lasers,
thyratrons, cr plasma reaclors tor the depositicn ot thin films, As a

final quideline, it i+ Jvst as dpportant to urderstand the positive ien
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kinetics in the cathode sheath region a5 it is to understand the elec-
tron kinetics, because 1 1s the ior mobility which determines the

slepe of the electric field.
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APPENDIX A: REVIEW OF NEGATIVE

[0k FORMATION

In urder to provide continuity in the descriptions of the models,
the mechanisiis and imporiant features ot negative jon formeticn are re-
viewed. Several reactiuns occur which form negative ions and these are

listed and described below:

X+ e =X *hv radiative capture
Y+e + M- X 4+ M 3 body electrcr capture
A + e X+ Y discociative attachment

XY + e »x" 4 Y 4~

ion pair fermation

(X = an aton, e = an electron, h o = a photer, M = an electron or an

atom, XY = a molecule made vt atoms X and Y)

1. DISSOCIATIVE ATTACHMENT

The niest common process ot ferming negative ions is dissociative
attachment. In this case, an electron collides with a molecule XY and
dissociates the molecule into a neutral atom X and a negative ion Y .
To aio the visuelization of transitions between stetes, dissociative
attachment can be divicded into 3 cases using melecular petential energy
curves., These three cases will be discussed next. The discussion will

include the intluence of vibrational excitatior c¢n dissociative

2 attachment.

2

- In all three cases represented in Figure £8e, b, c, the heavy

e sol1d line refers to the ground state of the neutral molecuie XY. The
|

e ruclear separation oscillates then between Pl ard RZ‘ The thinner

' .
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Figure 58

Potential Energy Curve Allowing Dissociative Attachment

curve refers to the molecular ion state XY which at infinite
separation (X + Y ) tends to a limit which lies below the potential
energy curve of the neutral molecule by an amount of energy equal to
the electron affinity (Ea) of atom Y. The solid region represents the
range over which the negative jon state is stable. The dashed region

represents the range over which the negative jon state is unstable. In

this region the negative ion may give up the electron and return to a
ground state neutral molecule XY, via autodetachment. If T (R)/h is the
rate (sec'l) for autodetachment, then the energy in this unstable
region is uncertain by an amount ¥ (R) and the dashed line actually
should be a band with a width ¥ (R). The molecular ion state curve
crosses the ground state curve at Rc. Applying the Franck-Condon

principle to the transition from the ground molecular state to the
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negative ion state leeds to a final state represented by sune point
lying between a and b oun the pote. tial energy curve. The threshold foi
dissociative attachment, [DA’ is the difference between the molecular
disseciation energy Do and the electron ¢ finity, Ea’ of the negative
atomic ion. Thresholds have been tabulated for several molecules and
they are

EDA =D -E (106)

0 a
compared to thresholds for ion pair formation shown in Table 9.

The competiticn betweer autodetachment and dissociation in
molecular negative icrs leads to & stronyg dependence of the cross
b section on the mess of the nuclei and the rotational and vibraticral
B states of the neutral molecule. In case I represented in Figure 58a,
first suppose qutodetachment did rot occur., Then all trarsitions frou
the ground state to the iun state would result in dissociatien into an

and E If

1 2°
autodetachment i< allowed to cccur at some internuclear separation R at

F.! atom X ana ior Y with a relative kinetic energy between E

a rate ' (K)/h, then after the transition tc the negative ion State,
the atomic nuclei beoin to separate with a relative velocity V(R), and
the fractiorn of negative ion molecules remainirg (Reference &) or
“surviving" is

R.

¢
: o C(R)! ' 167
F(R) AP Rf ﬁVrr(iR')m (107)

If the sepervation between the atomic rnuclei reaeches Rc before dauto-

detachment takes place, then the neutral molecule disscciates inte

e X+ Y . The cross section for this process can then be approsimatec by
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Table 9.

Threshold for Dissociative

fttachment andg lon Pair Production

Molecule Ea >o DA [1 Li Lole [Th
Hgl 3.06-1 35 0 1C.43-Hg 7.73
HgBr 3.36-br 71 0 10.43-tg 7.76
HGC] 3.61-Cl 1.04 0 10.43-Hg 7.86
F 3.45-F 1.60 0 17.42-F 15.69  15.57
HgF 3.45-F 1.8 0 10.43-Hg 8.78
IBr 3.36-Br 1.82 0 10.44-1 9.85 £.89
3.06-1 0 11.84-Br 10.59
L 3.06-1 1.54 0 10.44-1 9.31 8.92
1C) 3.61-C 2.15 0 10.44-1 10.08 8.98
3.06-1 0 13.01-C1 11.8
Br,, 3.36-Br 1.971 0 11.84-Br 10.52  10.45
Bre) 3.36-Br 2.23 0 11.84-C1 11.1 10.71
3.61-C1 0 13.01-Br 11.63
FO 3.45-F 2.23 0. 13.61-0 12,79  12.39
1.46-C 7 17.42-7 18.18
c1, 3.62-C 2.48 0 13.01-C1 11.5 11.8
Bro 3.36-Br 2.40 0 13.61-0 12.65
1.47-0 93  11.84-Br 2.77
i 3.45-F R, 0 10.44-1 9.51
3.06-1 0 17.42-F 16.58
Br¥ 3.45-F 2.548 6 11.84-Br 11.78  10.94
3.36-Br 0 17.42-F 16.60
L16 3.61-01 2.75 0. 13.61-0 1.0 12.76
1.47-0 1.2 13.01-Q1 14,30
Hgt! 15-H .37 0 10.43-Hg 10.05
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: Teble 9. (cont.)
Molecule E, b, Ee E; Emote  Lin
HI 3.06-1 3.08 Q. 13.60-F 1G. 38 13.59
.754-H 2.79 10.44-1 13.23
10 1.47-C 1.8 .34 10.44-1 10.78
3.06-1 0. 13.6.-0 12.05
HBr 3.36-Br 3.76 .40  13.60-H 11.67 13.99
.75-H 2.0 11.84-Br 14.84
HC1 3.61-C1 443 .82  13.60-K 12.75 14.42
.75-hH 3.68 13.1-C1 16,69
- SH 2.08-S 3.55 1.47 13.61-H 10,43 15.09
. .75-H .80 13.60-S 16.39
l; HF 3.45-F 5.94 .49 13.60-H 16.06 16.06
q 75-H 5.18 17.4Z-F 22.6
| OH 1.47-0 4,45 2.99 12.60-H 12.91 16.58
75-H 3.70  13.61-C 17.31
0? 1.47-0 5.12 3.65 13.61-0 12.07 17.26
HZ .75-H 4,48 3.73  13.60-H 15.43 17.33
HD 7511 4.51 3.75  13.60-D 15.45 13.35
: S0 1.47-0 5.36 3.8¢ 16.36-S 10.¢9 14.25
2.08-5 3.28 13.61-0 16.90
;j KO 1.47-0 1.5 503 14.54-N G.26 19.57
' (N 1.27-C 7.76 6.49  14.54-N 14.17 21.03
Co 1.47-0 11.09 9,63 11.26-C 14.01 20.89
o 1.27-C 9,82 13.61-0 23.44
LS
- Ea = Atemic Electron Affinity in eV, from Heference &
D0 = Molecular Dicuociation Energy in eV, from Reference 51
(] EDA = Threshold for Uisscciative Attachmert in eV
'i: Ei Ntomic loni.ation FPotential in eV, from Referernce 51
o E. = Molecutar lonization Potential in eV
. i molc
ETh = Thieshold Ton Pair Formation in eV
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‘ 0, (R) = exp- th ;T\(/“r({fz)—) dR" (108)
;fu where ”C is the cross secticn tor the initial capture (Reference 8).
Because heavy atomic nuclei typically oscillete more slowly than light-
er nuclei, the heavier ruclei spend more time near the turning points
and have steeper potential wells. This increases the probability that
the internuclear separation K of the molecular jon wili exceed RC be-
tore it autodetaches. Typical peak cross section values from the
ground vibrational state for dissociative attachment range from

-20 2

10 ““cm~ for light rolecules such as H

5» HD, ena D, to 10—14 or
4

15cm2 for heavy nolecules such as HI, and 1

107 0 (See Table 10).

In case Il representea in Figure 58 (b), only electrons with ener-
yies between E1 and E3 can dissociate the molecule and produce atomic
regative ions through the dissociative attachrent process. The resul-
ting negative ion Y and atom X thus will have relative final energy
ranging from 0 to EI'E3‘ Flectrons with energies between E2 arnd E3 can
be captured, but they will form excited molecular negative ions XY™,
These molecular icrs will eventually autodetach unless the excess ener-
gy can be absorbed through a coliision. Thus the total attachment
cross section for this case will be independent of pressure for pres-
sures greater than some critical pressure, but will be proportional to
the pressure for pressures less than the critical pressure. The criti-
cal pressure occurs when the average time tor the vibrationally excited
molecuie to transfer its excess energy to a oas molecule is comparable

t6 the time for sutodetachrment.
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Table 10. Tkresholds and Feak Cross Section

Values for Dissociative Attachment

Process
Diatomic Threshold Peak Energy at
Molecules (eV) (cm2) Peak (eV) Reterence
e + F, oF 4 F . 8.0 0. 23
e + 12 Jd0 0+ ] G. 3.1_15 .01 19
e + Cl, »C1™ + C1 0. 2.02 . 0. 57
2 2.79718 2.6
. 4.8471¢ 5.8
. e~ + HI> Neg Ions 0. 2.3_14 0 24
S - . o )
}, e + HBr B v + H .395 2'71—16 .293 64
o €+ D01 C17 4D 85 1.25_, 836 16
[ - -
- e + HC1'Cl + H L8236 2.2_17 .85 33
e +0, 0 +0 3.65 2.0 6.45 25
l -18
e + HC1-H + 1 3.68 5.2’19 7.0 16
e +H, "H +H 3.73 1.6 , 3.73 17
2 ~-21
e + H2 - Neg lons 1.23_20 10.4 76
1.23 13.9 76
-20
e + HD > Neg lons 3.75 €.34_., 10.4 76
1.46 13.9 76
-20
e+ DL +D 3.83 3.G 24 3.83 17
‘ 2.735, 10.6
9.88 ., 14,
-1
e+ (C0-0 +¢C 9.6 2.43_19 10.2 78
e + CO - Neg lons 5.6 2.02_yq 10. 74
e + NO > Neg lons 5.03 1.12_18 g.1 74

177




A aiir el as A lad A At Sl A avel B lhe st it S Bl Sl - Sadc dinil Al

-
E latle 10.  (cont.)
- Process
Diatomic Threshold Erergy At
t“ Molecules (eV) Peak (cm?) Peak (eV) Reference
- Triatomics _
, eT 4 N0 0T+ ... .20 3.57_1g 1.4 25
‘ 1.03 2.39 25
-17
e+ 0CS S+ ... .6 3.12_1/ 1.24 97
5 e + (S, S+ 2.€ 5.75 14 3.35 97
- 3.02 2.68 97
r -19
€+ CO2 -0+ 3.¢ 1.48_19 4.3 74
4.29__19 8.1 74
e+ HZO *Neg lons 5.3 4.9_18 6.4 22
e + H, 0 'H + ... 5.7 6.95 6.6¢ 30
l -18
e + C02 “C o+ 14, ¢ 0_21 18.5 80
Polyatomics
e SFb *Neg lons 0. 55
e+ NFy o F 7 5.98_,, 1.82 47
e+ NH, - Neg Tons .79 5.7 18 2.47 31
e + NF3 » NF 2 + .9 5 99_17 1.89 Z3
e + NF3 - F o ¥ 1.0 6 0_17 1.87 23
e + CFy - CF 5 4. g 6.89 97
17¢
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-t In case III represented in Figure 58C. negative ion molecules
with vibratioral states v-v' are stable, but those with =>. are

' unstable and can resuit in autodetachment. These states may be
stabilized through collisions simnlar to the process described for case
I1. Similarly. the cross section for attachment wiil exhibit resonance
mexima which are associated with the vibrational levels with w>.',
provided the lifetime cf the excited vibratioral state is long compared

to its period. This <ituation occurs in 02 and NO, resulting in the

production ot 0, and KO~ after collisions with other gas molecules.

'S

Table 10 tabulates experimertal data for thresholds end cross section
f“ peaks for several attaching molecules.

Increased vibrational excitation enhances the aissociative
attachment cross section for ail three cases since electron capture can
generally occur at larger and larger values of R. Thus the molecular
FI negative ion is more likely to “survive", tre cioser R approaches RC
through vibrational excitation. Kkotational excitation can also enhance
the cross section for dissociative attachmert due to the centrifugal
stretching occurring in the excited states, but in a less dramatic

meanrier than vibrational excitation. Rarasley and Wadehra (References

17, 91) have shown that the magnitude of the dissociative attachment
cross section from the = 5 level in H2 and D2 ncreases three to
four crders of magnitude. Allar und Wong (Reference 172) have measured
sinilar increases in their cxperiments with HC1. The change in the
"survival ftector" is thought (Reterence 91) tc be rore impurtant than
the chanqge in the Franck Condon factor in explaining this dramatic ef-
fect. It tte lifetire of the vibraticnally excited molecule is Tong
coripared to the period of vibhration, the attachment probability will
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coritein resonance peaks. This is a resvlt uf the initial electren
capture cross sectiun . exhibitira resonance peaks due to the ratios
of populations in the various vibrational levels. Experimentally this
variation with respect to rotetional ard vibrational populatiorn appears
as a temperature dependence.

The remaining processes, including radiative capture, three body

capture, and icr pair fornation are gercrally Tess important than

dissociative attachment and will be discussed only briefly.

2. RADIATIVE CAPTURE

Radiative capture is the simplest process for creating negative
jons. tlectrons are captured directly by neutral atoms with the excess
energy being dissipated in radiation. The amount of energy reieased by
this process is equal tu L Eé where b s the kinetic energy of the
incident electron and ta is the electron affinity of the atem. This
taplure process produces o continuous emission spectrum extending

indetirately fron the long wavelength Timit at

he (109)
£
a
e L
A typital magnitude tor this preocess is or the order of 10°°° c¢m® with

¢ larce peak near cero impact erergy (Reterence 8). This iy two oraers
of euritude Sialler than the smallest crass secticon for dissuciative
attachment.  the relatively large low crergy peak crcurs because the
electrun spends a Tenger tine within the rarce of the atomic tield at

Tevier incident vnergies,
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5. THREE BOPY ELECTRON CAFTURE

In three body electren capture the energy released by the process
is cenverted, nut into a photen, but into kinetic erergy of the third
body. The magnitude cf the attochment cross section for this process
can be determined by arcurents based on two body collisions. The third
body will be effective in absorbing energy only if it makes an
cifective collision with the capturing atom, when the electron is also

8cm) of the capturing atom. 1f » is

within an atomic radius (r0 = 16"
the mear: tree path for effective collisions between the atom and a
single third body, then the probability for an effective collision is
to a aood approximation ro/* . This results in an effective three body
attachment cross section that can be approximated by the following
expression i terms of an effective cross section per unit

concentration of the third body.

r

2 o
O:Y“X— o
0 (i10)

Thus it remains to determire *» , which varies considerably depending on
the nature of the third body. Two cases will be considered:

1) when electrons are third bodies, and

2) wher atoms and nolecules are third bodies.

When electrons are the third body, the effective cross section for
energy transfer is on the order 10"16cm2, and the mean free path for a

unitary third tcdy density simply becomes
16

V= 107 T em (111)
and the third boay attachment cross section is on the order of
0 s 10”40cn¢ (112)
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In comparison tou dissociative attachment, an electron number density
greater than or equal to 1020cm3 would be required to produce a
cormparable number of negative ions per sec. For most purposes this is
cn exceptiorally large electron density.

When ators or molecules are the third body, two cases exist:
resonant and non-rescrant energy transfer. In the resonant case, the
energy trarsferred is chbsorbed totaily as interral energy in the third
body. The cross section for this process is known to be quite large or

.14 2

the order 10" "cm“ or greater(Reference 8). This yields a mean free

path and effective attachment cross section of

14 .

A= 10" Tem a 38

=108’ (113)

Thus third body densities of 108cm™3

cr larger would be necessary to
make three body attachment comperable to that of dissociative
attachment. Thus molecules possessing several internal degrees of
freedom are the most effective as third bodies. However, energy

transfer into vibrational motion cften is not as efficient as transfer

into rotational motion.

4, ION PAIR FURMATION

The last process to be discussed which torms negative ions is ion
pair formaticr or polar excitation. During this type of collision, an
election excites a mclecule (XY) to an unstabie electronic state which
dissocietes spontaneously.

XY + e * X +Y +e (114)
This process difters from the rrevious prucesses in that the electron is
ol captured during the collision, but corresponds to an inelastic

collisicn in which the electror acts as a scurce of energy for
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electronic excitation. Thus polar excitation occurs at much higher

electron energies than the capture processes. Minimum threshold
energies, Eth usually range from 10 to 25 eV.

A typical potential energy curve for this process is depicted in

Figure 59
T L X4
g E-E,
D X+Y
&
0
R, R,
DISTANCF,
Fig 59. Potential Energy Curve For Ion Pair Formation

Again the heavy solid line refers to the ground state of the neutral
molecule. The thinner line refers to an unstable electronic state which
dissociates spontaneously into ions. The energy at infinite nuclear
separation tends to a value of Ei - Ea’ where Ei is the jonization
energy of X and Ea is the electron affinity of Y. The final relative
kinetic energy (T) of the ions is given by the following equation:

T = Ej*+E -E -D (115)

0
where D0 is the dissociation energy of the ground state. Thresholds for
ion pair formation for several diatomics are previously listed in Table
9.

The shape of the cross section for polar dissociation differs from

the previous capture process. Actually it resembles the shape of other

electronic excitation processes and thus is typified by a sharp rise
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near threshold to a maximum on the arder of 10'lg10"17cm2 at 2 to 4

times the threshold energy, after which it declines. The decline being
irversely proportional to the energy or more slowly if optical
transitions are allowed between the ground state and the excited state

(Reference 68:497).
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APPENLIX B. PARAMETERS FOR GLGW

CODE CALCULATIONS

This appendix describes the parameters used to characterize the
jonization, attachmert, diffusicn, and ion-icn recombination
coefficients as well as the ion drift velocity. Most of the data for
the rare gases was taken from the literature. L[tfort was taken to
obtain the best parameters for HC1 from drift tube measurements of
Davies (Reference 33:31-55).

The parameters for the rare gases are summarized in Table 11. A,
B, and s refer to the parameters in Equation 41 and were taken from
Ward (Reference 95:2790). The transverse diffucion coefficient was ob-
tained from data tabularized by Cutton (Reference 39:6491 (He), 651
(Ar), 654 (Xe)). The mean free path } wes estimated using the formula:

. (116)

where o is the momentum transfer cross-section. Momentum transfer

cross-sections have been tabulated by Kieffer (Reference 54:2(he),

Table 11. Parameters Used te Describe Rere Gas Processes
in the CGLCW Code

A P 3 [ o A r k

e' +
1 VoIt cntorr cm enttorr?
cm torr cm;torr% Lec volt¥sec
Ke 4.7 14, 3 1.3bL6 .052 8.E-3 4.1t4
Ar 29.:c¢ 26.64 ! 3.ELE 311 3.32E-3 8.25E3
Xe £5.3 36.0¢ : 1.64E6 124 5.E-3 4.0E3
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13 (Ar), 17 (xe)). The value of the nomentur transfer cross section at leV
was used. This energy is representative ot electrons diffusing raaially in
the positive cclumn region of a discharge. The value of r was also taken
from the data given by Ward (keverence 92:2791) for v_ and Ve
The ion-ion recombination rates were estinated using the approxi-

mate scaling formula developed by Hickman (Reference 49:4875). The formula

is given by

K = 1 (117)
r 4.38E4(§—80K)”2m1/2(E.A.)2/5

where T is the gas temperature in degress Kelvin, m is the reduced mass
of the diatomic molecule in a.u., and E.A. is the electron affinity of
the negative ion in eV. The values of these paraineters and the resuit-

ing ijon-ion recombination rate for a 3CC°K gas is given in Table 12,

Table 12. Parameters for Calculating Ion-lon Recombination Rates

f E.A. (C17) K,
(a.u.) (eV) (cm/sec)
He 4, 3.613 7.2E-6
Ar 39.95 3.613 3.15E-6
Xe 131.3 3.613 2.59E-6

The icnizatior end attachment coefficients for HCi were curve fit

from the experirertal data of Davies (Reference 33:33). Using Equation

"

41, both values of s = } and s = 1 were tried. The value s = 1 qave

243.94.

the best tit, which also yieldea values for A = 14.34 anc b
In order tc model the attachment coefficiert cver the complete range,
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both Equations 42 and 43 had to be used. A fifth order (n=5) polynomi-

al was used for E/p < 90v/cm-torr with the tollowing values for coeffi-

cients
a, = -.748878814,
ay = . 1274582651,
a, = -.0052731662,
ag = 9.48227228E-5,
a, = -7.86191615E-7, and
a, = 2.46552683E-9,

For E/p 2 90v/cm-torr, the best Tt was given by C = ,254193623029,
D = 9.14964650482L-3, and t=1. This concludes the data inputs used for
the GLOW code except for the discharge parameters, such as current,
pressure, and electrode separation which are discussed in the Section

111 with the results of the calculations.
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APPENDIX C. PARAMETERS FOR SHEATH
CODE CALCULATIONS

This appendix describes the paraneters used in the SHEAlH code.
Tre initial values of code parameters will be sumrarized first followed
by a description of the electron impact cross-sections used in calcula-
ting the electron distribution function.

The discharge parameters are summerized in Table 13. The anode
was placed just outside the cathode fall region where the electric field
leveled off to a constant value. This was done to keep the erergy step
size as small as possible, less than 1.6eV, in order to maximize the
energy resolution in calculating the distribution function. With this
step size limitation, lengthening the electrode distance was not feasi-
hble since most of the storage space on a Cyber 74 was already being

used. For 100% He, the electrode distance was 2.2 cm and for the re-

nmaining He/HCT mixtures the electrode distance was 2.1 cm due to the

contraction that accurred. J is the discharge current density and Y is

the secondary emission coefficient. The distribution of electrons

Table 13. Discharge Parameters Used in the SHEATH Code

0 J ;

Fixtures (cm) ( amp/cme)

He/HCI 2.1-2.2 16 .2

Ar/HCI 1.1% 10 .0417

Xe/HCi .87 10 .G04
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leaving the cathode was the same as that used by Lonc (Reference €0)
and is displayed in Figure 60. The x axis is plotted in terms of ener-
gy bins which were typically 1. - 1.6eV in width depending on the gas
mixture. This distribution is higher in energy than the one used by
Loeuf et al. (Reference 14) which was & flat isotropic energy distribu-
tion over the range of 0 to 5eV. Boeuf and Marode (Reference 13) later
used a narrower distribution which was isotropic and flat between 4 and
SeV.

The gas parameters are summarized in Table 14. The gas density
was censtant throughtout the discharge and was determined from the gas
pressure, p, and temperature, TO. The positive ion mobility, k, was
obtained from Ward (Reference G2:2791) and was the same as that used in

the equilibrium analysis. ( determined the point at which the code

ma X

transforms from energy space to spatial coordinate as described earlier.

It was varied so the coordirate transition was as close as possible to

the minimum of the electric field within the bounds of Equation 88.

Table 14. Gas Parameters Used in the SHEATH Code

Po T0 k+
cm -torr
Mixtures (torr) (%k) velt sec
tie/HC1 1 300 4.1E+4
Ar/HC1 1 200 8.25E+3
Xe/HC1 1 300 4E+3

The cruss secticns for He, Ar, Xe, and HC1 which were used in the
SHEATH code calculaticns are discussed next. The most important cress

1£6
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sections in the calculatiuns are the ionizatien cross sectiuns of the
rare gases. 1his cross section determines hovw quickly the electrons
rnultiply, and thus directly eftects ne and dE/dx in Poisson's equatior.
For the rare gases, the ionization cross section was cbtained fronm
measurements by Rapp et ai. (Feference 75 over the complete range.

The ionization cross section for HC1 had to be extended above 100eV.
Since HCl was used in small concentrations and the mean electron energy
in the HC1 mixtures was always less than 87 eV, any error in the
approximation should be negligible. More specifically the peak
giectron mear energy ranged in He mixtures from 59¢V to 99eV ir pure
tie, for Ar mixtures it ranged from 20.5eV to 21.eV, and for Xe mixtures
it ranged from 25.4eV to 25.%\V.

The six cross sections used to model the electron kinetics in He
are plotted in Figure 61. The threshold and references for each range
are listed in Table 15 below. The electronic cross sections were
extended using the formulas listed under the reference column.

The cross secticri for Ar are plotted in Figure 62 and the refer-

ences and thresholds are given in Table 16. The three electronic cross

sections were derived using a standard technique cf backing out cross

secticn from transport data using a coae which solves the equilibrium

‘7!'?*"f.

Boltzriann equatior. Ratios between these cross sectivns were chtained
from data of Eggarter (Reference 41)), Canas, etal (Reference 44), and
Chutjan (keference 28). keeping the ratios constant, the sum of the
three cross secticnc was ther varied and the predicted electron crift
velecity and Townsend ionizetion rate viere compared with transport data
Tisted in Dutton (Reference 29) and Specht, et al. (Reference 83). Up

to 20eV, the agreement with trersport date is within ©% and the tntel
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Table 15. Electrce Impact Cross Sections in He

Process Threshold Range References

(eV) (eV)
Momentum 0. 0.-6. Kieffer (Reference 54)
Transfer 6.-500. Hayashi (Reference 48)
Electronic
235 + 2ls 19.805 0.-23.54 Kieffer (Reference 54)
Z4.-100 Constant
100. -500. o= .624/%
23p 20.949 G.-199.6 Kieffer (Reference 54)
200.-500, 0= ,02755/¢°
21p 21.203 0.-196.1 Kieffer (Reference 54)
200.-500. o= 1.179/¢"
3lp 23.071 0.-207.8 Kieffer (Reference 54)
210.-500. 0 =,3605/¢
Ionization 24.566 0.-500. Rapp, et al.(Regerence
75
Table 16¢. Electron Impact Cross Sections in Ar
Process Threshold Range Reference
(eV, (eV)
Momentum 0. 0.-20. Kieffer (Reference 54)
Transfer 30.-500. Long (Reference 60)
Electronic
5 .
2P3/2(3p ) 11.6 0.-500. Derived
. -5 .
Pl/z(cp ) 11.8 G.-500. Derived
Remaining 13.2 0.-500. Derived
Liectonic
lorization 15.759 0.-500. Rapp, et a].(Regerence
75
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electronic cross section agrees well with Jacob and Mangano (Reference
53) up to 17eV where their cross section stopped. The shape of the
total electronic cross section for higher cross energies was obtained
from de Heer, et al. (Reference 35).

The cross sections for Xe are plotted in Figure 63 and the refer-
ences and thresholds are given in Table 17. ¢ for Ar, the electronic
and a section of momentum cross section for Xe were derived by backing

them out of transport data.

Table 17. Electron Impact Cross Sections in Xe

Process Threshold Range Reference
(eV) (ev)
Momentum 0. 0.-6.5 Kieffer (Reference 54)
Transfer 6.5-20. Derived
20.-500. Hayashi (Reference 48)
Excitation 8.32 0.-500. Derived
Tonization 12.13 0.-500. Rapp, et al.(Reference

75)

The momentum transfer cross section was lowered in the region from
about 6.5 to 2%eV in order to get the drift velocity to agree within
20% of that measured by Huang (Reference 50) and the data listed in
Dutton (ref 39). Huang found that the electron mobility for fields
above 4Td remained constant, given by uN = 5,5E21
mo]ecu]es/(v-sec-cm)i. The shape of the electronic cross section below
1leV was taken from Dowell's unnormalized data (Reference 37). The
jonization rate predicted from the Boltzmann code agreed within 20%
with the data in Dutton (Reference 39) up to 60Td using this electronic
cross section up to 20eV. The shape at higher energies was obtained
from Ganas, et al. (ref 44) and de Heer et al. (ref 35) and normalized
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igﬁf to the value derived for 20eV.

iiiﬁ The cross sections for HC1 are plotted in Figure 64 and Figure 65.
m The thresholds and references for each range are listed in Table 18.
Z;}ﬁl The electronic cross section for the b and C state was assumed to have
“iﬂ’ a peak at 100eV which is slightly less than the energy of the peak of
s-“ ‘ the ignization cross section. The cross section was assumed to

decrease according to the formula o = 18./€é. The shape of the
ionization cross section from Compton, et al. (Reference 79) was used
over the range 100-280UeV and normalized to Lavies' data. At higher
energies the shape of the ionization cross section for 02 (Reference
75) was used which also peaks at the same energy. It was normalized to
the HC1 ionizaton at 280eV. This concludes the discussion of the data

inputs used for the SHEATH code.

Table 18. Electron Impact Cross Sections in HCl

Process Threshold Range References
(eV) (eV)
Momentum 0. G.-100. Davies (Reference 33:45)
Transfer 100.-500. Logrithrimic e. i =polaticn
Vibration
v =1 .36 0.-7. Davies (Reference 33:46)
v=2 .70 0.-7.2 Davies (Reference 33:47)
Attachment
C1 .67 0.-2.7 Davies (Reference 33:47)
H 5.6 0.-12. Davies (Reference 33:48)
Excitation
A 5.5 0.-11. Davies (Reference 33:47)
B+ C 9.3 0.-100. Devies (Reference 33:4€)
100.-500. Derived
lonization 12.74 0.-100. Davies (Reference 33:4&)
100.-500. Derived
197
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